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INTRODUCTION 
Aquatic organisms including fishes, inhabiting diverse environments ranging from ion 
poor freshwater to salt rich seawater must adapt to maintain constant intracellular and 
extracellular osmoionic conditions which are critical for the normal functioning of the 
cells. Such a regulation is achieved by osmoregulation, a coordinated, compensatory and 
regulatory process of maintaining constant internal osmoionic conditions related to 
variable ambient environmental conditions. 
Fishes have evolved two fundamental strategies to overcome the osmotic pressure 
gradient in aquatic media with fluctuating salinities for maintaining internal osmotic and 
electrolyte homeostasis viz. hyper-osmoregulation and hypo-osmoregulation (Marshall 
and Grosell, 2006). The third strategy is those of marine elasmobranchs who actively 
osmoregulates but remain isoosmotic by accumulating organic substances chiefly urea 
and trimethylamine oxide (TMAO) which eliminates the necessity of water regulation. 
Hagfishes are osmoconformers and maintain their plasma osmolality almost in 
equilibrium with the surrounding marine environment. Freshwater fishes maintain their 
plasma osmolality higher (~ 300 mOsm/Kg) than surrounding freshwater (5-10 
mOsm/Kg), consequently face twin problems of osmotic water influx (hydration) and 
diffusional salt loss (desalination) along the osmotic gradient. The osmotic water gain is 
compensated by excreting copious volumes of urine through kidneys which is the 
outcome of high glomerular filtration rate and low tubular reabsorption of water while the 
salt loss is offset by producing very dilute, hypotonic urine facilitated by high tubular 
reabsorption of salts. Inevitable salt loss is further compensated by dietary salt intake and 
largely from the active salt uptake across the gill epithelium (Evans et al, 1999). Marine 
teleosts, on the contrary, are hypo-osmoregulators with their blood osmolality (-325 
mOsm/Kg) lower than that of ambient seawater (-1,000 mOsm/Kg), hence, face osmotic 
water efflux (dehydration) and hypersalination (salt loading). To offset dehydration, 
marine teleosts drink seawater and actively absorb ions especially Na^, Cf through the 
gut, a process inducing passive water absorption along the osmotic gradient. Excess ions 
are excreted by the branchial apparatus (mainly Na^ and Cf) and the renal apparatus 
(mainly Mg^ ^ and S04 "^) (Evans et al., 1999). The kidneys produce small quantities of 
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isotonic urine, thus permitting water conservation. Thus, in marine teleosts osmoionic 
regulation is the coordinated function of renal apparatus, branchial apparatus and the 
gastrointestinal tract. 
Elasmobranchs are predominantly marine, although approximately 1% & 10% are 
freshwater and brackish water inhabitants (Martin, 2005). The body fluids of marine 
elasmobranchs are hypo-ionic, nevertheless slightly hyperosmotic to the ambient 
seawater due to retention of large amounts of organic osmolytes chiefly urea and TMAO 
by the kidney tubules (Piermarini and Evans, 1998). Consequently, water enters the body 
fluid by osmosis similar to freshwater teleosts and thus, marine elasmobranchs need not 
drink seawater continuously as do marine teleosts. Further, the diffusional salt gain from 
the ambient seawater is compensated by excreting divalent ions (especially Mg^  and 
S04 "^) by kidneys and secreting monovalent ions (especially Na* and CI') by the rectal 
glands. Freshwater elasmobranchs belonging to Potamotrygonidae family are 
ammonotelic rather than ureotelic and synthesize and retain less urea than their marine 
counterparts (Hazon et al., 2003). Fishes of Potamotrygonidae like Potamotrygon 
(Amazonian sting ray) permanently harbour freshwaters of Amazon and Orinoco rivers 
and cannot tolerate salinities greater than 58%SW (Griffith et al., 1973). It has low rates 
of urea biosynthesis and has lost the ability to reabsorb urea in the kidney tubules 
(Goldstein and Foster, 1971). The body fluid solute concentration and osmolality are 
lower in freshwater elasmobranchs (but higher than FW teleosts) and hence produce 
copious volumes of dilute urine. 
Teleosts never achieve isoosmoticity and maintain the ionic composition and osmolality 
of their body fluids either hyperosmotic or hypoosmotic to extrinsic environment and 
have evolved different osmoregulatory strategies and mechanisms to compensate the 
challenges imposed by such diverse aquatic habitats. Further, the adaptive patterns of 
teleosts to regulate hydro-mineral balance in different environmental conditions are 
characteristic of the salinity load of the ambient medium. Furthermore, fishes differ in the 
tolerance range of salinity and are divided into two classes viz. stenohaline and 
euryhaline. Euryhaline fishes can tolerate salinity over a wide range and can withstand 
gradual or abrupt transfer from freshwater to seawater and vice versa. Stenohaline fishes, 
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in contrast, are osmotically more conservative with the limited ability to tolerate sudden 
or wide fluctuation in ambient salinity. 
A multitude of endocrine glands and their secretions play a critical role in regulating a 
constant osmotic and ionic balance of the piscine body fluids during acclimation in 
different salinities (Bentley, 1998, 2002; Sakamoto and McCormick, 2006; Sangiao-
Alvarellos et al., 2006; Arjona et al., 2008; Debnath, 2010; Yousefian and Shirzad, 
2011). Although large number of endocrine glands have been implicated to varying 
extent in osmoregulatory adjustment of fish, Cortisol, the main corticosteroid in fish 
secreted by fish interrenal tissue and prolactin, an adenohypophysial hormone are mainly 
responsible for hydromineral balance in seawater and freshwater respectively (Utida et 
a/., 1972). Prolactin (PRL) and Cortisol (F) act antagonistically on the osmotic adjustment 
in euryhaline teleosts. PRL acts as a freshwater adapting hormone by decreasing osmotic 
permeability of gills, kidneys, intestine and urinary bladder and increasing the Na^ and 
Cr uptake across transport epithelia in FW. Further, prolactin increases the number of P 
chloride cells thought to be responsible for Na"^  and Cf uptake in freshwater and 
decreases the number of a chloride cells that are involved in Na^ and CI" extrusion in 
seawater (Perry, 1997; Manzon, 2002). Cortisol, on the contrary, is a SW adapting 
hormone and increases tolerance of SW in fishes by increasing the size and number of 
SW type chloride cells in gill filament (McCormick, 1995, 2001). Growth hormone (GH), 
another SW adapting hormone increases gill Na^/K^- ATPase activity and enhances 
osmoregulatory ability following transfer from FW to SW. Some other hormones such as 
thyroxine (T4) and Insulin-like Growth Factor I (IGF-1) have also been implicated in SW-
adaptation of teleost fishes. Evidences abound about the synergistic action of various 
hormones notably GH/lGF-1, GH/IGF-I/F, GH & F, T4/ GH - all favouring SW 
adaptation and affecting the physiological response at various effector organs. 
Additionally, various other hormones and factors such as vasoactive peptides (VIPs), 
atrial natriuretic peptides (ANPs), epinephrine, urotensin 1 & 11. acetylcholine, 
prostaglandin E2, leukotrienes, renin secreted by different tissues which are fast acting 
and regulate different osmoregulatory mechanisms in osmotically diverse environments 
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(McCormick, 2001; McCormick and Bradshaw, 2006; Tsukada and Takei, 2006; 
Mancera and McCormick, 2007). 
(I) Osmoregulatory Target organs: 
In teleosts, the process of osmoregulation is achieved by the coordinated compensatory 
and regulatory responses at different osmoregulatory target organs particularly branchial 
apparatus, renal apparatus, integument and gastrointestinal tract (Marshall and Grosell, 
2006; Evans and Claiborne, 2008). 
Gills are the major organ for not only gaseous exchange but also ion transport, acid base 
regulation and nitrogenous waste excretion (Evans et al., 2005; Marshall and Grosell, 
2006). While in freshwater teleosts, branchial apparatus facilitates active uptake of Na* 
and Cr ions from ambient ion poor medium, gills in marine teleosts secrete Na* and CI" 
ions into the external environment. This transcellular ion transport is mediated by a 
concentration gradient driven by osmoregulatory enzyme Na^, K*-ATPase localized on 
the basolateral tubular system of branchial ionocytes (Hirose et al., 2003; Evans et al., 
2004; Marshall and Grosell, 2006). Na^, K^-ATPase (NKA), Na* - K^ - 2Cr(NKCC) co-
transporter and cystic fibrosis transmembrane conductance regulator (CFTR) are the three 
major transport proteins thought to be involved in chloride secretion in teleosts 
(McCormick et al, 2003). The NKA is a ubiquitous membrane protein that utilizes the 
energy of ATP to drive Na"^  and CI" across the gill surface by pumping out Na* out of and 
K"^  into the chloride cells. Exposure of teleosts to higher salinities results in increase in 
number and size of chloride cells and hence in NKA which is required for secretion of 
monovalent ions in seawater adapted teleosts. NKA and NKCC are localized at the 
basolateral surface of the chloride cells whereas the CFTR proteins are restricted to the 
apical surface of chloride cells. The NKA creates a sodium gradient that drives Na^ K^ 
and two CI' ions into the cell via NKCC. Chloride ions are secreted into the external 
medium through apical CFTR proteins and Na* ions are transported back via leaky 
paracellular junctions between chloride cells and adjacent accessory cells (Pelis and 
McCormick, 2001; McCormick et al, 2003; Evans, 2008). 
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Integument regulates the transport of water and ions into and out of the extracellular 
fluids by acting as a sensitive exchange surface between the extracellular compartment 
and the ambient medium. The mucus layer secreted by the skin mediates the movement 
of water and salts across the body surface by reducing the water influx and efflux in 
freshwater and marine fishes respectively. Further, the epidermal mucus layer also 
controls the diffusion of salt in and out of the fish skin (McKim and Lien, 2001). 
The role of gastrointestinal tract in osmoregulation is more pronounced in marine 
teleosts and lampreys which drink seawater to compensate for osmotic water loss 
(Marshall and Grosell, 2006). The ingested seawater is desalinized in oesophagus and 70-
85% of imbibed water is reclaimed by solute coupled water absorption in the intestine to 
maintain water balance (Marshall and Grosell, 2006; Grosell, 2006). The excess salt load 
as a result of intestinal ion transport must be compensated by active salt excretion. 
Renal system constitutes one of the essential organ systems in vertebrates concerned not 
only with excretion of nitrogenous metabolic wastes but also in regulating ion and 
metabolite concentration in extracellular fluid within physiological ranges critical for the 
normal functioning of cells. The piscine renal system especially kidneys and urinary 
bladder play an important role in regulation of hydromineral balance of their body fluids 
under freshwater and seawater conditions (Ojeda et al., 2003; Nebel et al., 2005; 
Varsamos et al., 2005). The renal system, unlike gills, integument and gastrointestinal 
tract does not remain in direct contact with the ambient environment; nevertheless, it 
responds effectively to maintain osmoionic balance of the extracellular fluid in 
fluctuating salinities by eliminating excess water and conserving monovalent ions in 
freshwater teleosts while conserving water and excreting divalent ions in marine teleosts. 
Such a regulation is an outcome of anatomical changes in constituent nephron segments 
which ultimately result in physiological changes in GFR and consequently UFR in 
osmotically different environments (Hickman and Trump, 1969; Lin et al., 2004). Hence, 
the teleost renal apparatus is implicated in hydromineral balance by regulating the 
volume, ionic composition as well as osmolality of urine produced. Further, 
elasmobranchs kidneys help to retain organic osmolytes like urea and TMAO which 
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maintain their body fluid osmolality slightly hyperosmotic to ambient environment and 
thus maintain osmoconformity in marine elasmobranchs. 
(II) Structure of renal system in teleosts: 
Teleostean renal system consists of a pair of kidneys, a pair of ureters and a urinary 
bladder. The constituent nephron of a freshwater teleost kidney consists of a renal 
corpuscle and a renal tubule composed of morphologically and physiologically different 
segments - a ciliated neck segment, two proximal segments, a variably present 
intermediate segment, a distal segment, a collecting tubule and a collecting duct 
(Hickman and Trump, 1969; Hentschel and Elger, 1989; Evans, 1993; Elger et al, 2000). 
The teleost kidney does not exhibit morphological zonation, such as the distinct 
distribution between cortex and medulla, nor does it have a countercurrent system of loop 
of Henle in the tubular systems (Hickman and Trump, 1969; Marshall and Grosell 2006) 
[Fig. B (v, vi & vii)]. The juxtaglomerular apparatus of teleosts consists of 
juxtaglomerular cells only and the macula densa is absent (Sokabe and Ogawa, 1974; 
Nishimura and Ogawa, 1973; Ogawa et al., 1972). The histological features of these 
segments are described below: 
Renal corpuscle:- The renal corpuscle is a globular knot of anastomosing blood 
capillaries (glomerulus) enclosed in a pouch like extension of the nephron- the Bowman's 
capsule composed of an outer parietal layer and an inner visceral layer (Elger et al, 2000; 
Larsen and Perkins, 2001). The parietal layer of Bowman's capsule is formed of a single 
layer of squamous cells resting on a basement membrane and is continuous with the renal 
tubule epithelium at neck segment while the visceral layer lines the glomerular capillaries 
(Hentschel and Elger, 1989; Elger et al, 2000). The visceral layer is composed of 
specialized squamous cell, the podocytes interspersed in between the squamous epithelial 
cells and rest on a basement membrane. The podocytes are octopus like cells with an 
ovoid cell body containing basal nuclei and a number of long primary processes covering 
the glomerular capillaries and numerous secondary processes- the pedicels that 
interdigitate with the pedicels of the adjacent podocytes and enclose minute filtration slits 
in between (Elger et al, 2000). Minute pores, the fenestrae are enclosed between the 
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interdigitating flat endothelial cells lining the glomerular capillaries. The fenestrated 
endothelial cells of glomerular capillaries, the capillary basement membrane and the 
filtration slits in the visceral layer constitute the main filtration site. Numerous modified 
smooth muscle cells called mesengial cells of irregular shape surround the glomerular 
capillaries between afferent and efferent arterioles and provide structural support as well 
as maintaining filtration rate. About 30 species of teleosts, mostly marine and a few 
freshwater lack a renal corpuscle and are aglomerular (Beyenbach, 1986; Beyenbach and 
Liu, 1996; Baustian et ai, 1997; Beyenbach, 2004; McDonald and Grosell, 2006; Ozaka 
e^a/.,2009)[Fig.B(vii)]. 
Neck segment: - The neck segment, connecting the renal corpuscle with the proximal 
tubule is a short tubule characterized by ciliated cuboidal cells with basal rounded nuclei; 
the cilia help to drain the filtrate into the first proximal segment by their beating 
movements (Hickman and Trump, 1969; Abadi et ai, 2011; Endo and Kimura, 1984; 
Youson et al, 1989; Elger et al, 2000). The lumen of the neck segment is continuous 
with the Bowman's space at the urinary pole [Fig. A (N)]. A distinct neck segment is 
absent in goldfish (Sakai, 1985), sticklebacks and cottids (Elger et al, 2000). The neck 
segment is absent in aglomerular teleosts. 
Proximal tubule: - The proximal tubule in teleosts is the longest segment of the nephron 
and is divided into two segments- PS-I and PS-II, which can be distinguished 
histologically as well as histochemically from one another and from other segments. Both 
the proximal segments possess luminal brush border of microvilli which increases the 
surface area of the apical membrane (Hickman and Trump, 1969; Elger et al, 2000). First 
proximal segment is characterized by cuboidal cells with large basal spherical nuclei, an 
extensively tall apical PAS positive brush border of microvilli and an apical endocytic 
apparatus of vesicles and vacuoles associated with lysosomes while the PS-II possesses 
columnar cells with central nuclei and shorter, slender and less dense microvilli at their 
apical membrane.; apical endocytic apparatus is absent in PS-II (Hickman and Trump, 
1969; Sakai, 1985; Hentschel and Elger, 1989; Elger et al; 1998, 2000; Resende et al. 
2010) [Fig. A (Pi & P2)]. In marine glomerular teleosts PS-II is much longer than PS-I. 
indicating more role of secretion than reabsorption in marine teleosts (Larsen and 
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Perkins, 2001) [Fig. B (vi)]. Further, PS-I and hence the endocytic apparatus is absent in 
aglomerular teleosts (Hickman and Trump, 1969; Elger et al, 2000) [Fig. B (vii)].The 
end of the proximal tubule is marked by an abrupt disappearance of brush border (Elger 
et al, 2000) 
Intermediate segment: - A short narrow intermediate segment is variably present in 
teleost nephron between PS-11 and the distal segment. This segment is characterized by 
cuboidai to columnar ciliated cells with rounded basal nuclei [Fig. A (IS)]. The cilia drain 
the filtrate down the nephron (Hentschel and Elger, 1989; Elger et al, 2000). 
«&>. 
Fig. A. Schematic drawing of the nephric tubule and duct system in the trout. 
Distinctions between segments are made on the basis of characteristic 
morphology as well as luminal and tubular diameter. RC = Renal Corpuscle, 
N = Neck Segment, Pi = First Proximal Segment, ?2 = Second Proximal 
Segment, IS = Intermediate Segment, DT = Distal Tubule, CD = Collecting 
Duct, and MD = Mesonephric Duct. From Hickman and Trump (1969), In: 
Fish Physiology, Eds. Hoar and Randall, Vol. 1 (Excretion, Ionic Regulation 
and Metabolism. 
Distal tubule: - The distal segment, present in freshwater and some euryhaline teleostean 
kidney, is a short and narrow segment connecting the proximal tubule to the collecting 
duct via the collecting tubule (Hickman and Trump, 1969) [Fig. B (v); A (DT)]. 
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However, some euryhaline species like Fundulus heteroditus, Gasterosteus aculeatus 
and bullhead Cottus gobio lack a distal segment in their nephrons (Elger et al., 2000). 
With a few exceptions like Plotosus lineatus and Anago anago, both glomerular and 
aglomerular marine teleosts lack a distal tubule (Hickman and Trump, 1969; Dantzier. 
1989, 2003; Elger et al, 2000) [Fig. B (vi & vii)]. The distal segment consists of cuboidal 
epithelium with basal nuclei and high density of mitochondria and devoid of brush border 
(Hickman and Trump, 1969; Anderson and Loewen, 1975; Elger et al, 2000; Resende et 
al, 2010) [Fig. A (DT)]. The distal segment is responsible for reabsorption of 90% NaCI 
in freshwater fishes (Dantzier, 2003) and thus conserving monovalent ions and its 
absence in marine teleostean nephron prevents the production of dilute urine in marine 
teleosts fishes. 
Collecting tubule - collecting duct system: - The collecting system of teleost nephron 
consists of unbranched collecting tubules opening into branched collecting ducts. The 
collecting system is characterized by tall columnar cells resting on a thick basement 
membrane. The cells have basal nuclei and are devoid of apical brush border (Hickman 
and Trump, 1969; Anderson and Loewen, 1975; Elger et al, 2000; Charmi et al, 2010; 
Resende et al, 2010; Abadi et al, 2011; Ehsan et al, 2011). In several species, the 
epithelium of collecting system is covered by a continuously increasing layer of smooth 
muscle cells and connective tissue (Sakai, 1985; Youson et al, 1989; Anderson and 
Loewen, 1975; Resende et al, 2010; Charmi et al, 2010, Elger et al, 2000) [Fig. A 
(CD)]. Collecting duct cells of flounder, trout, carps contain mucous secreting cells 
(Sakai, 1985; Elger et al, 2000) while ionocytes have been reported in the collecting 
ducts of trout and marine catfish Plotosus lineatus (Elger et al, 2000; Larsen and 
Perkins, 2001). The collecting ducts empty into mesonephric ducts (ureters) which leave 
the kidney and unite to open into a urinary bladder (Hickman and Trump, 1969) [Fig. A 
(MD)]. 
The urinary bladder is composed of well developed connective tissue and smooth muscle 
and is lined by a transitional epithelium of columnar and cuboidal cells resting on a 
basement membrane (Nagahama et al, 1975; Ogawa and Fukuchi, 1988; Masini et al, 
2001). The teleostean urinary bladder is important not only in urine storage but plays an 
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important osmoregulatory role in transporting water and ions (Hirano et al, 1973; 
Dantzler, 2003; Greenwell et al, 2003). The urinary bladder of freshwater teleosts is 
impermeable to water but highly permeable to Na"" and CI" ions, thus producing copious 
volumes of dilute urine (Hirano et al, 1973). In contrast, the urinary bladder of marine 
teleosts is more permeable to water than that of freshwater teleosts, thus, is responsible 
for more water conservation in marine teleosts (Hirano et al, 1973, McDonald and 
Grosell, 2006). Further, water permeability and Na absorption in the urinary bladder are 
reversed in euryhaline teleosts upon movement from freshwater to seawater and vice 
versa (Demarest, 1984). 
(Ill) Organization of renal corpuscle and tubular system in various groups of 
fishes: 
Kidneys of all vertebrates are composed of same fundamental structural and functional 
units- the nephrons (Mobjerg et al, 2004). The piscine nephrons exhibit extensive 
diversity in morphology, probably reflecting differences in their requirement and capacity 
for water excretion and salt retention in fluctuating environmental conditions ranging 
from salt deficient freshwater to ion rich seawater (Hickman and Trump, 1969; Wong and 
Woo, 2006). The piscine kidneys exhibit vast heterogeneity in their morphology and 
anatomy with hagfishes possessing the simplest kidneys with atubular nephrons while the 
marine elasmobranch kidneys possess the most complex nephrons with well developed 
countercurrent loop system (Hickman and Trump, 1969; Friedman and Hebert, 1990; 
Lacy and Reale, 1995; Elger et al 2000). Hagfish kidneys are simple with rudimentary or 
atubular nephrons composed of segmentally arranged glomeruli draining into paired 
archinephric ducts (Elger et al, 2000). The archinephric ducts are lined by cells with well 
developed apical brush border and its morphology is homologous to the proximal 
convoluted tubule of mammals and the first proximal segment of higher fishes [Fig. B 
(i)]. The kidneys of lampreys, in contrast to hagfishes are more complex and composed of 
complex multisegmental nephrons formed of a distinct renal corpuscle, ciliated neck 
segment, proximal segment, distal segment and collecting tubule which opens into 
archinephric duct (Hentschel and Elger, 1989; Evans, 1993; Elger et al, 2000). in 
lampreys, the proximal segment and distal tubule form a nephron loop which at least in 
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marine environment enables the lampreys to excrete urine hyperosmotic to plasma by 
contributing to concentrating ability of the nephron under these conditions (Youson and 
McMilan, 1971; Logan et al, 1980) [Fig. B (ii)]. In cyclostomes the kidneys receive 
arterial blood through branches of segmental arteries arising from the dorsal aorta and the 
renal portal system is absent (Hickman and Trump, 1969). In cyclostomes the kidneys are 
devoid of juxtaglomerular apparatus (Oguri et al, 1970; Ogawa et al, 1972; Sakobe and 
Ogawa, 1974). 
In elasmobranchs the kidneys are complex and highly organized [Fig. B (iii)] and receive 
blood supply from renal arteries arising from the dorsal aorta as well as from the renal 
portal system with one (rarely two) renal arteriole(s) supplying each renal corpuscle that 
is drained by multiple efferent arterioles. The renal tissue in elasmobranch kidney is 
divided into two distinct zones - a sinus (ventral) zone where renal tubules are loosely 
packed and separated from each other by large blood sinuses, and the bundle (dorsal) 
zone enclosed by a peritubular sheath where the tubules are packed tightly into discrete 
bundles (Friedman and Hebert, 1990; Lacy and Reale, 1995). Elasmobranchs possess the 
most complex nephron of all the vertebrates with marine and euryhaline species in 
seawater possessing more complex nephron compared to their freshwater counterparts. A 
general elasmobranch nephron consists of a large renal corpuscle, a neck segment, two 
proximal segments, a countercurrent loop system connecting second proximal segment to 
distal segment ( absent in freshwater elasmobranchs) and the collecting duct system. In 
marine and euryhaline elasmobranchs in seawater, each individual nephron spans both 
the zones of renal tissue, forming two hairpin loops in the bundle zone and two highly 
coiled loops in the sinus zone (Hentschel et al, 1998). In the bundle zone of marine and 
euryhaline elasmobranch kidneys, five lengths of the same nephron are arranged to lie 
parallel forming a countercurrent system (Friedman and Hebert, 1990; Lacy and Reale, 
1995). These nephron loops, absent in freshwater elasmobranchs of the family 
Potamotrygonidae facilitate the conservation of urea in the plasma (Braun and Dantzler. 
1997) [Fig. B (iii & iv)]. Elasmobranch kidneys are devoid of juxtaglomerular apparatus 
(Nishinura et al, 1970; Nishimura and Ogawa, 1973; Sokabe and Ogawa, 1974). 
However, Lacy and Reale (1990) have reported the presence of distinct juxtaglomerular 
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apparatus in spiny dogfish {Squalus acanthias), the smooth dogfish (Mustelus canis), the 
little skate {Raja erinacea) and the cownose ray {Rhinoptera bonasus). 
Teleosts nephrons exhibit extensive diversity in their morphology, probably reflecting 
differences in their requirement and capacity for water excretion and salt retention in 
osmotically diverse environments (Wong and Woo, 2006). The length of nephron and the 
number of nephron segments vary among teleostean species [Fig. B(v to vii)] and seem to 
depend on habitat and evolutionary development with freshwater and less evolved 
species (Salmonids, eels, carps, catfish) possessing the longest, multisegmental nephrons 
whereas marine and more advanced teleosts (percids, killifishes, flounders, sticklebacks) 
have rather short nephrons with fewer segments (Hickman and Trump, 1969; Hentschel 
and Elger, 1987, 1989; Elger et al., 2000; Larsen and Perkins, 2001). 
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Fig. B. Schematic representation of nephron structure in different groups of fishes. From 
McDonald (2005) In: Fish Physiology, Eds. Baldisserotto et al. (2007). Originally 
adopted from Hickman and Trump (1969) and Evans (1993). 
12 
Introduction 
(IV) Variations of the kidney morphology in different groups of fishes: 
The piscine kidneys exhibit great variation in morphology and the overall appearance of 
the kidney may range from slender elongated structures (Chestor-Jones, 1957: Hickman 
and Trump, 1969; Anderson and Loewen, 1975; Wong and Woo, 2006; Resende et al. 
2010) to strap-like structures (Ozaka et al, 2009). Teleostean Kidneys consist of two 
parts with each part divided into a head kidney and a trunk kidney. However, in many 
teleosts the two parts may not be differentiated from one another due to their partial or 
complete fusion (Hickman and Trump, 1969). Based on the extent of fusion of two 
kidneys, Ogawa (1961) has divided teleostean kidneys into five configurational classes 
namely indicated by type I, type II, type III, type IV and type V with all the freshwater 
teleosts possessing the kidneys of first three types (Fig. C). 
II 
Trunk 
kidney 
Corpuscles 
of Stonnius 
IV 
Head 
kidney 
Archinephric y 
duct 
Trout Carp Stickleback Sea Horse Anglers 
Fig. C. Configurational types of teleostean kidneys (Ogawa, 1961) 
Type 1 kidneys, present in Clupidae (herrings) and Salmonidae (trout and salmon) are 
characterized by complete fusion of the two kidneys. In type II kidneys of Plotossidae. 
Anguillidae and Cyprinidae, only the middle and posterior portions are fused and the 
head and trunk kidneys are clearly differentiated. Type III kidneys, with only the 
posterior portions fused while the anterior portions form two slender branches and with 
clear differentiation between head and trunk kidneys are represented by most marine 
fishes of Belonidae (bill fishes), Scopelidae (lantern fishes), Mugilidae (mullets), 
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Scombridae (mackerels), Pleuronetidae ( flounders) and freshwater fishes of 
Cyprinodontiformes (killifishes), Gasterostidae (sticklebacks) and Cottidae (sculpins). 
Sea horses and pipe fishes (Syngnathidae) possess type IV kidneys with only the extreme 
posterior part fused and there is no recognition of head kidney. Type V kidneys are 
present in Lophiidae (angler fishes) where the two kidneys are completely separated. 
(V) Functional variation in the nephron organization in FW and SW fishes: 
Teleost kidneys are highly specialized to maintain hydromineral balance in osmotically 
diverse conditions with each nephron segment being highly specialized for reabsorption 
and secretion (Miyazaki et al, 2002; Beyenbach, 2004; McDonald and Grosell, 2006). 
The renal corpuscles of teleosts respond to diverse surroundings by filtering blood plasma 
at different rates determined by the availability and need to retain water in the body 
(Braun and Dantzler, 1997). While FW teleosts need to eliminate extra water from their 
body fluid, they have a high glomerular filtration rate (GFR) (~ 4 ml/kg/hr), in seawater 
teleosts water is at premium and needs to be conserved, hence GFR in SW teleosts is low 
(~ 0.5 ml/kg/hr) (Nishimura and Imai, 1982). The filtrate formed is processed and 
modified in the renal tubule and each segment is specialized for reabsorption and 
secretion of different molecules and ions from and into the filtrate. Such a 
modification results in copious volume (UFR 3ml/kg/hr) of dilute urine in FW 
teleosts and small volume (UFR 0.3 ml/kg/hr) of highly concentrated urine in 
marine teleosts. In aglomerular teleosts the urine is produced by tubular secretion 
and reabsorption mechanism and there is no filtration of blood plasma due to 
absence of glomeruli. However, the UFR of such teleosts (~ 0.4 ml/kg/hr) is 
comparable to the marine glomerular teleosts. 
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(VI) Objectives of the study: 
The osmoregulatory adjustment of teleosts to diverse environments with varying 
salinities is an outcome of anatomical and physiological changes in different 
osmoregulatory target organs including kidneys and urinary bladder. Transfer of teleosts 
from one salinity to another results in changes in the morphology and anatomy of the 
kidneys nephron and urinary bladder which consequently causes physiological changes in 
glomerular filtration rate (GFR) and urine flow rate (UFR). Therefore, knowledge of the 
kidney structure and its nephron segments is prerequisite to study the effect of different 
salinities on the anatomy and consequently the physiology of the renal apparatus. 
Due to their wide range of salinity tolerance, euryhaline teleosts have been studied 
extensively to unravel the histo-morphology of piscine renal system and also to study its 
structural and ftinctional changes induced by the exposure to fluctuating salinities 
(Virbhadrachari, 1961; Hickman and Trump, 1969; Anderson and Loewen, 1975; Foster, 
1975; de Ruiter, 1980; Endo and Kimura, 1984; Nebel et al, 2005; Wong and Woo, 
2006; Ozaka et al, 2009; Charmi et al, 2010; Resende et al, 2010; Ehsan et al, 2011; 
Ghazilou et al, 2011). In contrast, only a few studies have been documented regarding 
the structure and osmoregulatory role of renal complex of stenohaline teleosts like carp 
Cyprinus carpio (Endo and Kimura, 1982, 1984; Salati et al, 2011), goldfish Carassius 
auratus (Ogawa, 1961; Elger and Hentschel, 1981; Endo and Kimura, 1982; Sakai, 1985) 
and channel catfish Ictaluruspunctatus (Stevens and Bick, 1975; Bick and Davis, 1976). 
In India, several studies have been conducted to study the micro- architecture and 
histopathological effects of different chemical compounds on the kidney of several 
teleost species like Lepidocephalichthyes guntea (Bose and Firoz, 1975), Heteropneustes 
fossilis (Gupta and Guha, 2006), Channa punctatus (Banerjee and Bhattacharya, 1994; 
Kumari et a/., 1989, 1997; Gupta and Srivastava, 2006), Labeo rohita (Das and 
Mukherjee, 2000; Sahoo et al, 2003; Bhatnagar et al, IQOl; Dhevakrishnan et al, 2012; 
Ghosh and Mandal, 2012 ), Catla catla (Tilak et al, 2005), Clarias batrachus 
(Kirubagaran and Joy, 1988), Cyprinus carpio (Iqbal et al, 2004) inhabiting freshwater 
streams and rivers.. However, there is scarcity of information on the histological and 
consequently the physiological changes in the renal tissue of stenohaline teleosts when 
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transferred from one salinity to another. The present study has, therefore, been 
undertaken to fill up this existing lacuna of knowledge on the stenohaline fishes of Indian 
subcontinent. The Indian catfish Heteropneustes fossilis is a tropical freshwater air-
breathing fish also locally known as 'Singhi' which can tolerate salinity upto about 35% 
seawater (Parwez et al., 1979) and osmoregulates effectively in different salinities 
employing renal apparatus (Goswami et al, 1983). Some preliminary observations have 
been made on the overall morphology and histology of the kidney (Datta Munshi and 
Choudhary, 1996) and some important physiological changes in various renal parameters 
of this catfish in TW and following transfer to higher salinifies (Goswami et al., 1983). 
However, no detailed investigation has been carried out to study the histo-morphology in 
TW and the salinity induced changes in different segments of the nephron together with 
their physiological significance in H. fossilis kidney. The current study has, therefore, 
been undertaken to unravel the following two aspects: 
1. To identify and histologically characterize various segments in the nephron ofH. fossilis 
maintained in its native environment i.e. fresh water. 
2. To study the histological alterations in various segments of the nephron of H. fossilis 
kidney following transfer to higher salinities i.e. 10%, 25%, 30% and 35% SW and to 
correlate these changes with the physiological adaptation in altered salinity. 
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Most aquatic vertebrates including fishes inhabiting diverse environments with 
fluctuating salinities maintain their internal milieu either hyperosmotic or hypo-osmotic 
to their surroundings and hardly achieve isoosmoticity. Therefore, they must have a 
mechanism to offset the resulting osmotic and ionic challenges in such environments to 
maintain constant hydromineral balance of their body fluids which is critical for the 
normal metabolic activities of all the living organisms. Such a mechanism of regulating 
constant osmotic and electrolyte balance of the extracellular fluid in relation to variable 
ambient salinities is called osmoregulation which achieves the maintenance of internal 
homeostasis. This osmoregulatory adjustment is an outcome of integrated action of 
different osmoregulatory target organs notably gills, kidneys, gastrointestinal tract and 
integument. The study of osmoregulatory physiology in fishes has been the subject of so 
many studies (Foskett et ah, 1983; Madsen et al., 1994; Kelly and Woo, 1999; Eckert el 
ai, 2001; McCormick, 2001; Sakamoto et al., 2001; Evans, 2002; Marshall and Grosell, 
2006, Evans et al., 2004, 2005; Evans and Claiborne, 2008; Evans, 2010; Yousefian et 
a/., 2011). 
Most of the studies on osmoregulatory mechanisms and changes in different 
osmoregulatory target organs of fishes are based on euryhaline species due to their wide 
range of salinity tolerance and ability to withstand gradual and abrupt transfer to higher 
salinities (Morgan and Iwama, 1998; Hazon et al., 2003; Sangio- Alvarellos et al., 2003; 
Bartels and Potter, 2004; Lin et al., 2004; Evans et al., 2005; Varsamos et al., 2005; 
Hammerschlag, 2006; Evans, 2010). Stenohaline fishes, constituting about 95% of the 
extant fish population both in freshwater as well as in marine environment have been 
sporadically studied owing to their limited tolerance of salinity loads (Evans, 1984). Most 
of the osmoregulatory investigations in stenohaline fishes have been carried on 
paddlefish Polyodon spatula ( Krayushkina et ah, 2006), carp Cyprinus carpio (Azizi et 
al, 2010; Salati et al, 2011), goldfish Carassius auratus (Sakai, 1985; Schofield et al.. 
2006; Chasiotis et al., 2009; Lawson and Alake, 2011), channel catfish Ictalurus 
punctatus (Allen and Avault, 1969; Eckert et al, 2001), walking catfish Clarias 
batrachus (Parwez et al, 2001 ; Synudeen, 2003), flathead catfish Phylodictis olivaris 
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(Bringolf et al., 2005), vandu catfish Heterobranchus longifilis (Fashina-Bombata and 
Busari, 2003), some species of genus Serranus (Motias et al., 1966, 1969) barred 
surfperch, Amphistichus argenteus (Holmes and Lockwood, 1970), Northern pike Esox 
lucius (Jacobsen et al., 2007), white sucker Catostomus commersoni (Wilkes and 
McMahon, 1986), rainbow fish Melanotaenia splendida (Williams and Williams, 1991), 
gaint gourami Colisa fasciata (Das and Srivastava, 1979), daska Pseudophoxinus 
stymphalicus (Bianco and Nordlie, 2008) and yellow perch Percaflavescens (Victoria et 
al., 1992) 
Kidneys are the major organs for regulation of osmoionic balance of the extracellular 
fluid of fishes in diverse environments of variable salinities by regulating the volume and 
osmolality of the urine produced. The kidney function is governed by need of water 
retention and salt excretion in and out of the body fluids and controlled by glomerular 
filtration of blood plasma, reabsorption and secretion of different ions along the nephron 
length (Evans, et al., 1999; Greenwell et al., 2003; Ojeda et al., 2003; Nebel et al., 2005; 
Varsamos et al., 2005). Glomerular filtrafion rate (GFR) and subsequently urine flow rate 
(UFR) are higher in freshwater fishes as compared to their marine counterparts (Holmes 
and McBean, 1963; Hickman and Trump; 1969; de Ruiter, 1980; Braun and Dantzler, 
1997; Baustian and Beyenbach, 1999; Janech et al., 2006). Stenohaline marine fishes and 
euryhaline fishes in seawater have low GFR and consequently low UFR. On the contrary, 
stenohaline freshwater and euryhaline fishes in fresh water possess much higher GFR and 
consequently produce large volumes of dilute urine (Hickman and Trump, 1969; 
Handerson et al., 1978; de Ruiter, 1980). 
The morpho-histology offish kidney has been the subject of a number of studies (Ogawa, 
1961; Hickman and Trump, 1969; Anderson and Loewen, 1975; Endo and Kimura, 1984; 
Sakai, 1985; Youson et al., 1989; Elger et al., 2000; Ojeda et al., 2006; Ozaka et al, 
2009; Charmi et al., 2010; Resende et al., 2010; Abadi et al., 2011; Ehsan et al., 2011). 
Ogawa (1961) has classified the marine teleostean kidney into 5 classes based on the 
extent of fusion of two kidney viz. type 1 to type V, and interestingly, all the freshwater 
teleosts possess the kidneys of first three types. The teleost kidney anetero-posteriorly 
consists of two parts which are divided into an anterior head kidney/pronephros and a 
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posterior trunk kidney/ mesonephros. However, in many teleosts this division cannot be 
distinguished due to partial or complete fusion (Hickman and Trump, 1969; Anderson 
and Loewen, 1975; Hentschel and Elger, 1989; Resende et al, 2010). The head kidney is 
composed of haematopoietic and lymphoid tissue along with interspersed chromaffin and 
interrenal cells while the trunk kidney constitutes the main excretory part of the 
teleostean kidney and consists of the numerous renal corpuscles and tubules (Hickman 
and Trump, 1969; Dantzler, 1989; Kondera, 2010; Charmi et al, 2010; Resende et al. 
2010). Histomorphological studies on fish kidneys have revealed vast heterogeneity in 
their morphology and anatomy with hagfishes possessing the simplest kidneys with 
atubular nephrons while the marine elasmobranchs possess kidneys with the most 
complex organization of their constituent nephrons characterized by a well developed 
countercurrent loop system for production of concentrated urine (Hickman and Trump, 
1969; Friedman and Hebert, 1990; Lacy and Reale, 1995, Elger et a/., 2000). Survey of 
the literature reveals that freshwater and less evolved teleosts viz. salmonids, eels, carps. 
catfishes posses the longest, multisegmental nephrons whereas marine (glomerular as 
well as aglomerular) and more advanced teleosts viz. percids, killifish, flounders, 
sticklebacks have rather short nephrons with fewer segments (Hickman and Trump, 1969; 
Hentschel and Elger, 1987, 1989; Elger et al, 2000; Larsen and Perkins, 2001). Such a 
variation in the morphological organization of the teleostean nephrons facilitates the 
osmoregulatory adjustment of these teleosts in their native habitat. 
The piscine renal tissue receives arterial blood via muhiple renal arteries arising from 
dorsal aorta or by branches from segmental arteries (Hickman and Trump, 1969; 
Nishimura and Imai, 1982; Sakai, 1985; Braun and Dantzler, 1997). The renal arteries 
enter the renal tissue from the dorsal side and branch into intrarenal arteries which give 
rise to afferent renal arterioles supplying the glomerular capillaries and then drain into 
efferent renal arterioles which in turn form a peritubular capillary network around renal 
tubule (Hickman and Trump, 1969; Hentschel and Elger, 1989). in cyclostomes the 
kidneys receive arterial blood through branches of segmental arteries arising from the 
dorsal aorta and the renal portal system is absent (Hickman and Trump, 1969; Brown and 
Rankin, 1999). Elasmobranch kidneys receive blood supply from renal arteries arising 
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from the dorsal aorta as well as from the renal portal system with one (rarely two) renal 
arteriole(s) supplying each renal corpuscle that is drained by muhiple efferent arterioles. 
In teleosts, renal corpuscles receive only the arterial blood while the renal tubule has a 
dual blood supply- arterial from efferent renal arteriole and venous blood from posterior 
parts via renal portal system. In marine aglomerular teleosts, renal portal circulation is the 
only source of blood flow to the kidney; further, in aglomerular and glomerular marine 
teleosts the renal function relies largely on the venous perfusion that delivers blood to the 
peritubular sinus in the kidney and enables continuous tubular secretion in the absence of 
glomerular perfusion and low filtration rate respectively (Brown and Rankin, 1999). 
The nephron of a freshwater teleost consists of a renal corpuscle and a renal tubule 
composed of morpho-physiologically different segments - a ciliated neck segment, two 
proximal segments, a variably present intermediate segment, a distal segment, a 
collecting tubule and a collecting duct (Hickman and Trump, 1969; Hentschel and Elger, 
1989; Elger et al, 2000). On the contrary, the nephron of marine teleosts except Plotosus 
lineatus and Anago anago lacks the intermediate segment and the distal segment with the 
proximal segment connecting directly to the collecting duct via the collecting tubule 
(Hickman and Trump, 1969; Dantzler, 1989, 2003; Elger et al, 2000). Further, 30 species 
of teleosts, mostly marine and a few freshwater lack a renal corpuscle and are 
aglomerular (Beyenbach, 1986; Beyenbach and Liu, 1996; Baustian et al, 1997; 
Beyenbach, 2004; McDonald and Grosell, 2006; Ozaka et al, 2009). No fish kidney 
possesses loop of Henle and thus, none can produce urine hypertonic to blood (Hickman 
and Trump, 1969; Kowarsky, 1973; Hentschel and Elger, 1987; Miyazaki et al, 2002; 
Evans et al, 2005; Marshall and Grosell, 2006). The renal corpuscle and the various 
nephron segments are distinguished by their cell specific characteristics like size, shape 
and staining reactions of cells, shape and location of nuclei and the presence of apical 
brush border (Hickman and Trump, 1969; Hwang and Wu (1987). Sakai (1985) and Elger 
et al. (2000) have reported the occurrence of mucus secreting cells in the collecting ducts 
of flounder, trout and carps. Further, histomorphological and ultrastructural studies have 
revealed the presence of ion transporting cells resembling the branchial chloride cells in 
distal and collecting tubules of Parasilurus asotus (Komuro and Yamamoto, 1975), 
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Hoplias malabaricus and Hoplerythrinus unitaeniatus (Hulbert et al, 1978) and 
collecting ducts of trout and marine catfish Plotosus lineatus (Elger et al., 2000; Larsen 
and Perkins, 2001). 
Literature abounds on the ultra structure characterization of various nephron segments of 
fishes like different freshwater trout species ( Anderson and Loewen, 1975), Cypinus 
carpio (Endo & Kimura, 1984), Lepidosiren paradoxa (Endo, 1986), Dicentrarchus 
labrax (Nebel et al, 2005), {Salmo truttafario ( Resende et a/.,2010), Acipenser persicus 
(Abadi et al, 2011), Epinephelus coioides (Ehsan et al, 2011) and other teleosts 
(Hickman and Trump, 1969). All these studies reveal the ultrastructural peculiarities of 
different nephron segments like the structural components of the renal corpuscle and the 
filtration barrier and presence of cilia in neck segment, endocytic apparatus in first 
proximal segment, high abundance of mitochondria in distal segment and collecting 
system (Hickman and Trump, 1969; Endo, 1986; Takahashi- Iwanaga, 2002; Ojeda et al. 
2003; Abadi et al, 2011; Ehsan et al, 2011). Further, a number of studies on the effect of 
increased salinities on ultra structure of different nephron segments and their 
physiological significance have been investigated (Hickman and Trump, 1969; de Ruiter, 
1980; Elger and Hentschel, 1981; Ehsan et al, 2011). 
Teleosts adapt to diverse aquatic environments of variable salinity by implicating 
changes in the structure and fiinctioning of constituent nephron segments of their 
kidneys. Such changes, resulting from transfer of teleosts from fresh water to seawater 
and vice versa either during diadromous spawning migrations or in experimental protocol 
which have been the subject of so many osmoregulatory studies (Ogawa, 1968; de Ruiter, 
1980; Hwang and Wu, 1988, 1989; Wong and Woo, 2006; Tang et al, 2010; Chenari et 
al, 2011). The number and size of the renal corpuscle varies with the need of water 
retention in osmotically variable environment, being highest in stenohaline freshwater 
species and lowest in stenohaline seawater forms (Dantzler, 1989; Elger et al, 1998). 
Elger and Hentschel (1981) have reported a 90% reduction in the number of glomeruli in 
seawater adapted Carassius auratus gibelio as compared to their freshwater counterparts. 
Further, renal corpuscles of marine and euryhaline teleosts in marine environment have 
glomeruli of reduced diameter, inconspicuous capillary lumen and shrunken mesangium 
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as compared to freshwater inhabiting teleosts which possess renal corpuscles of large 
diameters, expanded capillary lumens and mesangium (Hickman and Trump, 1969; de 
Ruiter, 1980; Hwang and Wu, 1988; Hentschel and Elger, 1989; Elger et al, 2000; Wong 
and Woo, 2006; Chenari et al, 2011; Ghazilou et al, 2011). Transfer of teleosts from 
fresh water to seawater results in an increase in the thickness of filtration barrier of the 
renal corpuscle as reported in Gasterosteus aculeatus (de Ruiter, 1980) and Carassius 
auratus gibelio (Elger and Hentschel, 1981). Further, salinity exposure results in 
reduction in the number and size of endothelial fenestrations of glomerular capillaries in 
seawater acclimated trout and goldfish compared to their counterparts in freshwater 
(Elger and Hentschel, 1981; Elger et al., 2000). All these changes, as a result of 
acclimation in seawater result in a decrease in glomerular filtration rate and urine flow 
and hence, lead to water conservation in strongly hyperosmotic seawater. This decrease 
in urine flow is regulated not by graded fiinction in all glomeruli as found in case of 
mammals but by glomerular intermittency i.e. alterations in the number of filtering 
glomeruli (Brown et al., 1980; Elger et al., 1986). Furthermore, about 30 species of 
teleosts, mostly marine and a few fi-eshwater {Batrachoididae family) are aglomerular 
and urine formation occurs by tubular secretion of solutes and wastes (Lahlou et al., 
1969; Beyenbach, 1986; Beyenbach and Liu, 1996; Baustian et al, 1997; Beyenbach, 
2004; McDonald and Grosell, 2006; Ozaka et al., 2009). Aglomerularism in marine 
teleosts helps to conserve water in the strongly hyperosmotic marine environment 
(Hickman and trump, 1969; Beyenbach, 2004; Ozaka et al., 2009). Many species of 
Antarctic teleosts have aglomerular kidneys, a mechanism to retain serum glycoproteins 
which have antifreeze properties (Dobbs et ah, 1974). 
The renal tubules of seawater adapted teleosts have reduced lumen diameter which bears 
a correlation with the decrease in size of renal corpuscles in the marine environment 
(Cykowska, 1979). The nuclear areas of the renal tubular cells of proximal segments, 
distal segment, collecting tubule and collecting duct in seawater adapted teleosts are 
smaller than those from freshwater acclimated teleosts (Hwang and Wu, 1988, 1989), 
with the collecting tubule cells displaying the most significant difference, a result also 
observed in eel (Olivereau and Olivereau, 1977) and three spined stickleback (Bonga, 
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1973). The larger nuclear areas of the tubule cells in freshwater teleosts are suggested to 
be concerned with much more functional tubules in the freshwater adapted teleosts 
(Hwang and Wu, 1988, 1989). Collecting tubules of freshwater teleosts have large but 
irregular/ wavy lumen while those of marine teleosts have reduced circular lumen without 
any invagination (Wong and Woo, 2006; Chenari et ai, 2011). Exposure of teleosts to 
hyperosmotic conditions induce a reduction in the number, lumen diameter and thickness 
of the collecting tubules/ ducts as compared to those of freshwater inhabiting teleosts 
(Wong and Woo, 2006; Chenari et al, 2011). The decrease in density of collecting 
tubules in hyperosmotic seawater may be explained by the formation of tubule 
independent urine in concentrated medium (Townsley and Scott, 1963). Further, thicker 
and more luminous collecting tubules in freshwater adapted teleosts facilitate a high flow 
rate of dilute urine because increase in wall thickness decreases its water permeability 
while an increase in lumen diameter slows down urine flow and thus promotes more 
reabsorption of salts (Tsuneki et al., 1984). 
Teleost kidneys are highly specialized to maintain hydromineral balance in osmotically 
diverse conditions with each nephron segment being highly specialized for reabsorption 
and secretion (Miyazaki et al, 2002; Beyenbach, 2004; McDonald and Grosell, 2006). 
The renal corpuscles of teleosts respond to diverse surroundings by filtering blood plasma 
at different rates determined by the availability and need to retain water in the body 
(Braun and Dantzler, 1997). While FW teleosts need to eliminate extra water from their 
body fluid, they have a high glomerular filtration rate (GFR) (~ 4 ml/kg/hr), in seawater 
teleosts water is at premium and needs to be conserved, hence GFR in SW teleosts is low 
(~ 0.5 ml/kg/hr) (Nishimura and Imai, 1982). The transfer of euryhaline teleosts from one 
salinity to other results in variations in GFR which is the outcome of changes in the 
amount of blood flowing into the glomerulus (renal perfiision pressure) and also in the 
number of operational filtering glomeruli (glomerular intermittency) (McDonald, 2005). 
Both whole kidney and single nephron blood perfusion are reduced during seawater 
acclimation (Brown and Oliver, 1985). In rainbow trout, about 45% of the glomeruli are 
perfused and actively filtering under freshwater conditions while in seawater adapted 
rainbow trout only about 5% glomeruli are filtering (Brown et al, 1978, 1980; Amer and 
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Brown, 1995). Similarly Prussian carp, Carassius auratus gibelio decreases the number 
of perfused glomeruli by half and more than 90% of its glomeruli disappear over the next 
three months in seawater (Elger and Hentschel, 1981; Elger et al, 1984; Beyenbach, 
1986). The glomerular filtrate produced is modified by net reabsorption and secretion of 
Na ,^ Cr and other solutes as well as water in different segments of the renal tubule. The 
extent to which water and ions are reabsorbed or secreted is variable and depends on the 
osmolality of the environment and kidney morphology with each segment of renal tubule 
contributing differently to hydromineral balance (McDonald, 2005). In freshwater 
teleosts almost 90% of filtered NaCl is reabsorbed mostly across water impermeable 
epithelia of distal tubule and collecting tubule (Kamaky, 1998; McDonald and Wood, 
1998); the final dilution of the urine occurs by the active uptake of Na^ and CI" ions 
across the water impermeable epithelium of urinary bladder (Curtis and Wood, 1991). In 
freshwater teleosts only 45-47% of filtered water is reabsorbed in nephron tubule (Wood 
and Patrick, 1994; Beyenbach, 2000), hence urine flow rates are high ranging from 
2-lOml/kg/hr (Hickman and Trump, 1969; Curtis and Wood, 1991; Braun and Dantzler, 
1997; McDonald and Wood, 1998). On the contrary, the tubular reabsorption of water 
increases upto about 75% in marine teleosts (Wood and Patrick, 1994; McDonald, 2005). 
The proximal segment(s) in marine teleosts are involved in the net secretion of divalent 
ions like Mg^ ,^ S04^" and P04^" together with some water and Na* and CI' ions (Hickman 
and Trump, 1969; Rankin et al, 1980; Beyenbach et al, 1986; Evans, 1993; Dantzler, 
2003) and reabsorption of water, NaCl and filtered macromolecules (glucose, amino 
acids and other organic solutes) in glomerular marine teleosts (Logan et al, 1980a, b). 
Marine teleosts lack a distal segment in their nephrons and the tubular fluid is further 
modified in the urinary bladder. The urinary bladder of marine teleosts is permeable to 
water and monovalent ions but impermeable to divalent ions (Hirano et al, 1973). It 
plays an important osmoregulatory role by facilitating reabsorption of water and 
monovalent ions fi-om bladder urine and thus production of small volumes of urine rich in 
divalent ions (Lahlou et al, 1969; Braun and Dantzler, 1997; McDonald et al, 2002; 
Dantzler, 2003; McDonald and Grosell, 2006). 
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The active transport of ions (especially Na* and CI) across the epithelia of different 
kidney segments during osmoregulatory adjustment of teleosts in environments of 
perturbing salinity is fueled by transport proteins, Na^,K^-ATPase (NKA) and 
Na^/K^/2Cr co-transporter (NKCC) (McCormick, 1995; Nebel et a/.,2005, 2006: 
Marshall and Grosell, 2006, Tang et al, 2010. Further, a kidney specific chloride channel 
OmClC-K has been localized in the distal segment of the freshwater adapted 
Oreochromis mossambicus that helps in the CI" reabsorption in this diluting segment 
(Miyazaki et al, 2002. The NKA is a ubiquitous membrane bound enzyme which 
maintains low intracellular Na^ concentrations and sustains a highly cytosol - negative 
membrane potential by actively transporting 3 Na* ions out of and 2 K^ ions into the cell 
(Post and Jolly, 1957). This enzyme has been localized immunocytochemically to the 
basolateral membranes of proximal segments, distal segments, collecting tubules/ ducts 
and urinary bladder of teleosts (Lin et al, 2004; Allen et al, 2009; Tang et al., 2010). 
The concentration and activity of Na*, K^-ATPase is more in distal segment and 
collecting tubules/ ducts as compared to proximal segments (Uchida et al, 1996; Lin et 
ah, 2004; Nebel et al., 2005). Transfer of euryhaline fishes from freshwater to different 
grades of seawater results in changes in the activity of renal NKA with freshwater 
adapted fishes exhibiting higher renal NKA activity than fishes adapted to seawater 
(Epstein et al, 1969; Madsen et al, 1994; Kelly et al, 1999; Lin et al, 2004; Nebel et 
al, 2005; Krayushkina et al, 2006; Allen et al, 2009). In addition, kidney NKA activity 
increased significantly upon transfer of freshwater rainbow trout {Oncorhynchus mykiss) 
(Sloman et al, 2001) and goldfish (Carassius auratus) (Chasiotis et al, 2009) into ion-
deficient water. This elevated renal NKA responses in most euryhaline teleosts indicate 
that, when acclimated to freshwater, NKA in teleost kidney play a crucial role for ion 
reabsorption (Marshall and Grosell, 2006; Allen et al, 2009; Tang et al, 2010). 
The osmoregulatory responses of the teleost renal complex to fiuctuating environmental 
salinities are mediated by a number of hormones like Prolactin (PRL), Cortisol (F), 
arginine vasotonin (AVT), atrial natriuretic peptide (ANP), rennin and urotensins 
(McCormick, 2001; Wong et al, 2006; Mancera and McCormick, 2007). The PRL 
mediates freshwater adaptation in teleosts by increasing water excretion and active ion 
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uptake across the transporting epithelia of renal tubules and urinary bladder (Braun and 
Dantzier, 1987; Manzon, 2002). Further, PRL treatment of seawater adapted starry 
flounder {Platichthys stellatus) produces a pronounced decrease in water permeability 
and a probable increase in sodium influx across kidney tubules and urinary bladder 
(Hirano et al., 1971; Johnson et al., 1972). The diuretic effects of PRL in 
hypophysectomized freshwater Carassius auratus (Lahlou and Giordan, 1970) and 
Fundulus kamae (Stanley and Fleming, 1967) may also be explained by the inhibition of 
water reabsorption in kidney tubules. Further PRL treatment restored the decreased urine 
flow rate and glomerular filtration rate in hypophysectomized Indian catfish 
Heteropneustes fossilis (Parwez and Goswami, 1985) and channel catfish Ictalurus 
punctatus (Eckert et al., 2001) and attenuated the increased urine osmolality and sodium 
concentration in freshwater. 
Arginine vasotocin (AVT), a neurohypophysial hormone regulates the hydromineral 
balance in different salinities by inducing dose dependant changes in urine production 
(Chestor Jones et al., 1969; Handerson and Wales, 1974). Further, AVT regulates the 
GFR by controlling the blood flow to the glomeruli (Wame et al, 2002). Doses higher 
than physiological levels of AVT increase urine production in freshwater teleosts 
(diuresis) by increasing systemic blood pressure which in turn causes an increase in GFR 
(Handerson and Wales, 1974; Nishimura and Bailey, 1982). On the contrast, lower doses 
of AVT result in low urine production (antidiuresis), an outcome of decrease in the 
number of filtering glomeruli (Handerson and Wales, 1974, Amer and Brown 1995; 
Wells et al, 2002) accompanied by an increase in tubular reabsorption of water (Amer 
and Brown, 1995). 
Transfer of teleosts from fresh water to seawater results in reduction of blood volume 
(hypovolemia) as well as blood pressure (hypotension) (Chester Jones et al., 1969; 
Tiemey et al, 1995). Salinity induced hypovolemia and hypotension activates renin-
angiotensin system (RAS) (Sokabe et al, 1973; Nishimura et al, 1979; Kobayashi and 
Takei, 1996). The RAS, present in all groups of fishes except cyclostomes facilitates 
seawater adaptation by regulating blood volume and pressure and drinking rate in SW 
adapted teleosts (Olson, 1992; Kobayashi and Takei, 1996; Russell et al, 2001). 
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Reduction in blood volume and pressure upon exposure of teleosts to seawater causes an 
increase in plasma renin (secreted by juxtaglomerular cells of afferent renal arteriole) 
activity and subsequently increased concentration of angiotensin 11, biologically most 
active component of RAS (Hendersen et al., 1985; Wong et al, 2006). Angiotensin 11 
facilitates SW adaptation by causing vasoconstriction of afferent renal arteriole and 
increasing blood pressure, decrease in GFR, decrease in prolactin secretion and increase 
in drinking in marine fish (Olson, 1992; Kobayashi and Takei, 1996; Wong et al., 2006). 
Angiotensin II causes a decrease in glomerular filtration rate by increasing proportion of 
non filtering glomeruli and decreasing number of filtering glomeruli (Brown et al., 1980). 
Work done on the morpho-physiologv of kidney of the teleosts of Indian 
subcontinent 
Survey of the literature related to the kidney histomorphology reveals that many 
histopathological studies have been conducted to assess the effect of various substances 
on kidney structure of Labeo rohita (Das and Mukherjee, 2000; Sahoo et al, 2003; 
Dhevakrishnan and Zaman, 2012; Ghosh and Mandal, 2012), Glorias batrachus 
(Kirubagaran and Joy, 1988), Channa purtctatus (Gupta and Srivastava, 2006), 
Heteropneustes fossilis (Gupta and Guha, 2006), Cyprinus carpio (Singh, 2012). Bose 
and Chakraborty (1979) have reported mucous secreting cells in the second proximal 
segment of freshwater teleost Denio rerio. Virabhadrachari (1961) observed some 
histomorphological changes in Etroplus maculatus nephron segments following the 
gradual transfer of the euryhaline fish from freshwater to 100% SW. Goswami et 
a/.(1983) have reported variations in various plasma and urine parameters following the 
transfer of the Indian catfish Heteropneustes fossilis from ion poor freshwater to different 
levels of seawater. However, the effect of salinity variation in the ambient environment 
on the renal histo-morphology of stenohaline fishes in India is an area that seeks the 
attention of physiologists and anatomists. 
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(I) Experimental animal: 
(i) Heieropneustes fossilis (Stinging Catfish) 
The Heieropneustes fossilis (Bloch), locally known as 'Singhi' is an air-breathing 
teleost distributed throughout the Indian subcontinent in various freshwater 
ecosystems like ponds, ditches, swamps, marshes and sometimes muddy rivers 
having low levels of water and dissolved oxygen. It is commonly called 'Stinging 
catfish' due to its ability to inflict a painful wound by the internally serrated 
pectoral fin spine. It is an omnivorous fish possessing a depressed head and an 
elongated, dorso-ventrally compressed body with rounded abdomen. Presence of 
an accessory respiratory organ in the form of a long air sac enables this fish to live 
in oxygen deficient water bodies and even survive out of water for hours by 
utilizing aerial mode of respiration. Four pairs of barbels are present. Dorsal fin is 
short with 6 rays while the anal fin is long with more than 45 rays (Srivastava, 
2000) (Fig. 1). This fish breeds in confined waters in monsoon and even in 
ditches, derelict ponds and swamps when sufficient rain water accumulates. H. 
fossilis is a stenohaline freshwater actinopterygian with a limited salinity 
tolerance limit and can survive in salinities upto 35% seawater (Parwez et al, 
1979) and osmoregulates effectively in different salinities employing renal 
apparatus (Goswami et al., 1983). 
Taxonomic Classification 
Kingdom 
Phylum 
Class 
Subclass 
Order 
Family 
Genus 
Species 
Animalia 
Chordata 
Pisces 
Actinopterygii 
Siluriformes 
Heteropneustidae 
Heteropneustes 
fossilis 
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(ii) Collection and care of fishes 
Live specimens of catfish Heteropneustes fossilis (body weight 20-50 grams), 
collected from the local fish market of Aligarh were acclimated in glass aquaria 
(56 cmx23 cmx29 cm) containing dechlorinated tap water under standard 
laboratory conditions for 15 days prior to initiation of experiments. The fishes 
were fed ad libitum with minced meat on alternate days and the water in the 
aquaria was renewed by siphoning off and replenishing simultaneously with 
dechlorinated tap water adjusted to laboratory temperature. 
(II) Experimental protocol: 
To study the effects of salinity on the structure of kidney, 20 well acclimated 
fishes each were directly transferred into 10%, 25%, 30% and 35%) SW prepared 
by dilution of full strength (100%)) artificial seawater according to Goswami et al. 
(1983). Another group of 20 fishes was kept in tap water as control. Fishes were 
fed ad libitum with minced meat on alternate days and tap water and seawater was 
renewed daily by siphoning off and replenishing simultaneously. Five fishes each 
from every group were sacrificed post anaesthetization with MS 222 after 7 days 
of acclimation in their respective salinities and freshwater. The viscera were 
cleared and the kidneys were exposed, collected and fixed in suitable fixative. 
(III) Tissue processing and histology: 
(i) Fixation and microtomy 
Kidneys were fixed in Bouin's fixative (containing 75ml saturated picric acid, 
20ml absolute alcohol and 5 ml glacial acetic acid) for 16-24 hours. Properly 
fixed tissues were washed with distilled water several times to remove excess of 
fixative and then dehydrated in ascending grades of alcohol viz. 30%, 50%, 70%, 
90% and absolute alcohol for 2 hours each in every alcohol grade followed by 
treatment with copper alcohol (containing 5 grams of CUSO4 in 50ml of absolute 
alcohol) for another 2 hours for complete dehydrafion. Post dehydration the 
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samples were cleared in xylene for 1 hour and then transferred into xylene wax 
(prepared by mixing equal volumes of xylene and molten paraffin wax) for 30 
minutes in an oven maintained at 65''C. The samples were then transferred into 
pure molten paraffin wax I (Qualigens, Melting point 62-65°C) for infiltration for 
1 Vi hours followed by pure molten wax II for another 1V2 hours. Wax blocks of 
samples were prepared in horizontal cavity blocks wherein the cavity blocks were 
pre-coated with glycerin and pure molten wax was filled upto half of the cavity 
blocks. Wax was allowed to solidify for some 30 seconds and then the kidney 
samples were placed into the cavity block in proper orientation and cavity block 
was filled with wax upto the top. Wax in the cavity blocks was allowed to solidify 
completely for about 20 minutes and the blocks were obtained from cavity blocks 
in warm water. The wax blocks were carefully trimmed into a rectangular block 
by removing extra wax. Trimmed wax block of kidney was mounted on a wooden 
block and sectioned at 5 microns using a rotary microtome (Leica RM 2125 RTS). 
The sections were affixed to clean glass slides pre-coated with Mayor's albumin 
(containing equal volume of egg albumin and glycerol) and allowed to dry at 
room temperature for 12-16 hours. 
(ii) Staining details 
The sections were deparaffinized and stained with Harris haematoxylin- eosin, 
Masson Trichrome and periodic acid-Schiff (PAS) reagent counterstained with 
Harris haematoxylin. 
1. Haematoxylin and Eosin staining: - Haematoxylin- eosin staining was 
performed by using Harris alum haematoxylin and 0.2% eosin. 
Preparation of Harris Alum Haemotoxylin (after Weesner, F.M.) 
Hamatoxylin 0.5 g 
Aluminium ammonium sulphate (alum) 20 g 
Distilled water 100 ml 
Mercuric oxide 0.5 g 
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Twenty grams of aluminium ammonium alum were dissolved in 100ml of warm 
distilled water. The solution was boiled and to it were added 0.5 g each of 
haematoxylin and mercuric oxide. The solution was shaken for 3-5 minutes, 
cooled, filtered and stored at room temperature. 
Eosin solution of 0.2% concentration was prepared by dissolving 0.1 g eosin 
yellow powder in 50 ml of 95% alcohol in a beaker covered with aluminium foil. 
Method: 
The sections were deparaffinized in xylene for 10 min, hydrated through 
descending grades of alcohol from 100% to 30% and finally in distilled water. 
They were then stained with Harris alum haematoxylin for 30 min, rinsed in 
distilled water and destained in 0.1% HCl for 20-30 seconds and washed in 
running water until blue colour appears. The slides were given one quick dip each 
of the increasing alcohol grades upto 95%, counterstained in 0.2% eosin for 20 
min, quickly rinsed in 95% alcohol and dehydrated in absolute alcohol for 5 min. 
The sections were cleared in xylene for 10 min. and finally mounted in DPX. 
2. Periodic Acid Schiff (PAS) reagent counterstained with Harris Haemotoxylin 
Preparation of SchifTs reagent (de Tomari, 1936) 
Distilled water 
Basic fuchsin 
Sodium metabisulphite 
IN HCl 
Activated charcoal 
200 ml 
I g 
Ig 
20 ml 
2g 
One gram of basic fuchsin powder was dissolved in 200 ml of boiling distilled 
water and shaken for 5 minutes. The solution was cooled to exactly 50 C, filtered 
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and 20 ml of IN HCl was added to the filtrate. The solution was further cooled to 
25*^ C and 1 g of sodium metabisulphite (Na2S205) was added to it. The solution 
was stored in dark for 11-12 hours as it is highly light sensitive. Then 2 g of 
activated charcoal was added to the solution and shaken for 1 minute. The 
solution was filtered and the filtrate was stored in a dark brown bottle at 0 - 4°C. 
Periodic acid (1%) solution was prepared by dissolving Ig of periodic acid in 100 
ml distilled water. 
Method: 
The sections were deparaffinized in xylene for 10 min, hydrated in descending 
grades of alcohol upto distilled water and oxidized for 15 min in 1% periodic 
acid. The slides, were, then washed in running water for 5 min, treated with Schiff 
reagent for 15 min, washed in running tap water for 5 min, stained in 
haematoxylin for 1 min and washed in running water until blue colour developed. 
Finally, the sections were dehydrated in ascending alcohol grades, cleared in 
xylene for 10 min and mounted in DPX. 
3. Masson Trichrome staining ( Masson, P. J., 1929):-
Reagents used and their composition 
(A) Weigert's iron haematoxyin solution 
(a) Stock solution A 
Haematoxylin 1 g 
95% alcohol 100 ml 
(b) Stock solution B 
29% aq. Ferric chloride 4 ml 
Distilled water 95 ml 
Concentrated HCl 1 ml 
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Working solution - equal volumes of stock solution A and B. 
(B) Biebrich scarlet - acid fiichsin solution 
1% aq. Biebrich scarlet 90 ml 
1 % aq. Acid fuchsin 10 ml 
Glacial acetic acid 1 ml 
(C) Phosphomolybdic - phosphotungistic acid solution 
5% phosphomolybdic acid 25 ml 
5% phosphotungistic acid 25 ml 
(D) Aniline blue solution 
Aniline blue 
Glacial acetic acid 
Distilled water 
% Acetic acid 
Glacial acetic acid 
Distilled water 
2.5 g 
2 ml 
100 m 
1 ml 
99 ml 
(E) 
Method: 
The sections were deparaffmized and hydrated as described in PAS staining. 
These sections were then mordanted in Bouin's fluid for 1 hr at 56*^  C, cooled and 
washed in running water for 5-10 min until yellow colour disappears. These slides 
were stained with Weigert iron haematoxylin solution for 10 min, washed in 
running water for 10 min, rinsed in distilled water and treated with Biebrich 
scarlet- acid fuchsin solution for 10-15 min and washed in distilled water. These 
sections were then differentiated in phosphomolybdic - phosphotungistic acid 
solution for 10-15 min, transferred to aniline blue solution for 5-10 min and rinsed 
briefly in distilled water. Next, they were differentiated in 1% acetic acid for 3-5 
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min, dehydrated very quickly through 95% and 100% alcohol, cleared in xylene 
and mounted in DPX. 
Deparaffinization in xylene for 10 min. 
I 
Absolute alcohol I for 10 min. 
I 
Absolute alcohol II for 10 min. 
I 
One minute each in 90%, 50%, 30% alcohol and DDW 
I 
Haematoxylin stain for 30 min. 
Rinse with DDW 
\ 
Destain in 0.1% HCl for 20-30 seconds 
I 
Wash in running water until blue colour develops 
I 
One dip each in 50%, 70% & 90% alcohol 
I 
Counterstain with 0.2% eosin for 20 minutes in 95% alcohol 
\ 
One wash in 95% alcohol 
I 
Distilled alcohol for 10 minutes with one change after 5 min. 
I 
Clear in xylene for 10 minutes & Mount in DPX 
Flow Chart of Haematoxylin-Eosin staining 
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Deparaffinize sections in xylene for 10 min. 
Hydrate sections through descending alcohol grades upto DDW 
I 
Oxidize sections in 1% periodic acid for 15 min. 
\ 
Wash in running water for 5 min. 
I 
Immerse in Schiff reagent for 15 min. 
Wash in running water for 5 min. 
Haematoxylin stain for 1 min. 
I 
Blue in running tap water 
I 
Dehydrate in ascending alcohol grades 
I 
Clear in xylene 
I 
Mount in DPX 
Flow Chart of Periodic Acid Schiff staining counterstained with Haematoxylin 
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Deparaffinize & hydrate sections to DDW 
I 
Mordant in Bouin's fluid for 1 hr. at 56° C 
I 
Cool & wash in running water for 10 min. to remove excess picric acid 
I 
Weigert's iron haematoxylin stain for 10 min. 
I 
Wash in running water for 10 min. 
I 
Rinse in DDW 
* 
10 minutes in Biebrich scarlet-acid flichsin solution 
\ 
Wash in DDW 
\ 
Differentiate in phosphomolybdic- phosphotungistic acid for 10 min. 
\ 
2.5% Aniline blue solution for 5-10 min. 
Rinse briefly in DDW 
\ 
Differentiate in 1% acetic acid for 3-5 min. 
I 
Dehydrate very quickly through 95% and absolute alcohol 
I 
Clear in xylene and mount in DPX 
Fiow Chart of Masson Trichrome Staining 
36 
Materials and Methods 
(IV) Visualization and quantification of the renal parameters: 
The stained slides were observed under Zeiss microscope (Carl Zeiss model 
Axioscope 40 FL) and images were captured with Zeiss Axiocam ICc3 camera. 
For quantification of density of renal corpuscles, distal segments and collecting 
tubules, five different sections from each fish and a total of five fishes from each 
group (treatment) were counted with the help of axiovision Auto-measure 
software (ver. 4.8). The mean values of such data from each group along with its 
standard error were calculated and the statistical significance was determined by 
using one way Anova and Turkey test. Similarly, the diameter of various 
segments of kidney tubules was counted employing the same number of replicates 
from each group and the same statistical tests were applied. 
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(I) Identification of various kidney segments in catfish Heteropneustes 
fossilis. 
The catfish Heteropneustes fossilis possesses dark brownish, slender elongated type 1 
mesonephric kidneys located retroperitoneally dorsal to alimentary canal and attached to 
vertebral column with the two kidneys completely fused throughout their length [Fig. 2 
(B & C)]. Two excretory (mesonephric) ducts or ureters, extending from the posterior 
end of the head kidneys transverse in a cranio-caudal direction and join at the posterior 
extremity of the kidney to form a single duct which terminates ultimately at the 
urogenital orifice [Fig. 2 (B)]. 
Morphologically, the kidney shows an anterior large head region and a narrow tapering 
trunk region with distinct histological peculiarities under the microscope [Fig. 2 (C) & 5 
(A)]. The head kidney or pronephros is composed of abundant haematopoietic tissue with 
scarce distribution of renal corpuscles and tubules in between. On the contrary trunk 
kidney abounds in renal corpuscles and tubules with a meager hematopoietic tissue 
between the tubules [Fig. 5(A)]. 
The renal tissue of H. fossilis is not divided into cortex and medulla and the nephrons are 
distributed throughout the renal matrix with the density of nephron segments increasing 
towards the caudal portion of the kidney. Histologically, each nephron is composed of a 
renal corpuscle and a long multisegmental renal tubule divided into a neck segment, two 
proximal segments, a distal segment, collecting tubule and a collecting duct. These 
different segments of the catfish nephron were identified by their segment specific 
cellular features which were studied microscopically by employing different staining 
techniques like Haematoxylin- Eosin (H/E), Periodic Acid Schiff (PAS) counterstained 
with haematoxylin and Masson Trichrome (MT). 
Renal corpuscle: Renal corpuscles of Heteropneustes fossilis are globular structures 
distributed randomly throughout the renal matrix. These consist of a knot of intertwined 
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afferent arteriolar capillaries (glomerulus) enclosed in a double walled Bowman's capsule 
formed of an outer parietal layer and an inner visceral layer [Fig. 3(A) & 6(A)]. The 
parietal layer of Bowman's capsule is formed of simple flattened squamous epithelial 
cells with oval nuclei projected towards the urinary space enclosed between parietal and 
viscera! layers of renal capsule. However, towards the urinary pole the cells become 
cuboidal with parabasal nuclei [Fig. 3(A) &6(A)]. The visceral layer is composed of 
simple squamous cells together with modified cuboidal cells called podocytes 
interspersed in between the squamous epithelial cells [Fig. 3(A) &6(A)]. The renal 
corpuscle is a polar structure possessing a well marked vascular pole and a renal pole. 
The afferent renal arteriole perfusing the renal corpuscle enters at the vascular pole, 
divides into a bunch of glomerular capillaries and drains as an efferent renal arteriole. 
The glomerulus is expanded and highly vascularized with conspicuous capillary lumina 
enclosing endothelial cells and RBCs and the capillaries are covered by the prominent 
podocytes [Fig. 3(A) &6(A)]. The glomerular capillaries consist of a single layer of 
endothelial cells resting on a basement membrane. The basement membranes of the 
glomerular capillaries and the visceral layer remain fused and together with the 
endothelium and the visceral layer of the renal capsule form the filtration barrier of the 
renal corpuscle. Within the glomeruli can be seen many nuclei of erythrocytes and 
mesengial cells [Fig. 6(B)]. Different segments of kidney tubule of H. fossilis with their 
characteristic identifying features have been summarized in Fig. 3 (A - C) and 
Fig. 4 (D - F). 
Renal tubule: The renal tubule of H. fossilis nephron is a long structure differentiated 
into a number of morpho-functionally different segments viz. the neck segment, two 
proximal segments, a distal segment and a system of collecting tubules and ducts. These 
segments were identified microscopically by using different histological and 
histochemical stains based on their characteristic cellular features like shape and size of 
cells, shape and locafion of the nuclei and presence or absence of apical brush border. 
(i) Neck segment: The renal corpuscle is joined to the renal tubule via a long neck 
segment [Fig. 6(B)]. The neck segment is lined by ciliated cuboidal cells with basal to 
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parabasal oval nuclei and has a narrow lumen lined by a fine PAS positive rim of cilia on 
the apical surface which drain the filtrate into the first proximal segment [Fig. 6(A)]. 
(ii) Proximal segment I: The first proximal segment of H. fossilis nephron is 
composed of cuboidal to columnar cells with oval basal nuclei and a tall extensive brush 
border of microvilli lining the apical surface of the cells [Fig. 3 (B)]. The PAS positive 
brush border occupies a major volume of the tubular lumen and forms a characteristic 
dense pink ring enclosing the lumen of the segment [Fig. 3 (B)]. Such cells are lightly 
eosinophilic and possess an extensive sub-apical endocytic apparatus formed of vesicles 
and vacuoles. 
(iii) Proximal segment II: Proximal segment II is distinguished by tall columnar 
epithelial cells with central rounded nuclei and a short and less extensive apical brush 
border[Fig. 3(C)]. The lumen of the tubule is wider than first proximal segment and 
enclosed by a comparatively thinner pink ring formed by PAS staining. Such cells have a 
darkly eosinophilic cytoplasm and lack the endocytic apparatus. Overall diameter of 
proximal segment II is greater than the corresponding first proximal segment due to taller 
columnar cells lining the PSII. 
(iv) Distal segment: The epithelium lining the distal segment displays abrupt transition 
from that of second proximal segment and is composed of cuboidal cells with basal 
rounded nuclei and clear circular lumen devoid of brush border [Fig. 4 (D)]. 
(v) Collecting system: Distal segment leads into a system of collecting tubules and 
collecting duct. The collecting tubules are distinguished by cuboidal cells with oval to 
spherical central nuclei and apical surface devoid of brush border. The lumen is generally 
clear [Fig. 4 (E)]. The collecting tubules open into larger collecting ducts which run 
rather straight and empty into the mesonephric duct at almost right angles [Fig 9 (B) & 10 
(A)]. The collecting and the mesonephric ducts are characteristically surrounded by 
several layers of smooth muscle fibres and connective tissue which stain red and 
blue/green respectively with Masson Trichrome [Fig. 8 (A)]. Both collecting ducts and 
mesonephric ducts consist of two cell types- main cells and goblet cells [Fig. 8 (B)]. 
Main cells of collecting duct and mesonephric duct are respectively tall columnar and 
pseudostratified columnar type with basal rounded nuclei, no apical brush border and 
contain a light basal and a dark apical cytoplasm. Interspersed between the main cells of 
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collecting duct and mesonephric ducts are numerous club shape goblet cells which stain 
magenta with PAS indicating the presence of neutral type of mucopolysaccharide 
granules in their cytoplasm [Fig. 8 (B)]. Two mesonephric ducts (ureters) arising 
ventrally from the trunk of the fused kidneys extend ventrally in a cranio-caudal direction 
and unite into a single short duct near the caudal end of the kidney which emerges out 
caudally and opens to the exterior via the urinary papilla. [Fig. 10 (A)]. 
(II) Salinity induced changes in various segments oiH.fossilis nephron. 
The transfer of H.fossilis from its native environment (freshwater) to higher salinities i.e 
10%, 25%, 30% and 35% SW resulted in significant changes in the morpho-histology of 
different segments of the nephron. 
1. Variation in renal corpuscles and glomeruli: 
Transfer of the catfish H.fossilis from TW to different grades of SW resulted in a zigzag 
variation in the density of renal corpuscles. The density (no./area) of renal corpuscles 
decreased rapidly upon transfer of the fish from TW (27.2 ± 7.8 )to 10% SW (15.5 ± 0.8), 
followed by an increase in 25% (21.4 ± 6.1) and 30% SW (22.5 ± 2.3) and finally a 
reduction was observed in 35% SW (17.5 ± 0.9) (Fig. 11). There is a remarkable decrease 
in the percentage of expanded glomeruli in 35% maintained H. fossilis (36.7 ± 2.9) as 
compared to TW (82.9 ± 7.7). On the contrary, a reversed trend was observed in the 
percentage of collapsed glomeruli which recorded an increase in 35% SW (63.3 ± 2.9) as 
compared to TW maintained catfish (17.7 ± 7.7) [Fig. 12] 
Furthermore, the transfer of H. fossilis from TW to 10% SW resulted in a rapid and 
significant reduction in the size of the renal corpuscles (1239.2 ± 47.1 nm^) as compared 
to the TW control (1695.7 ± 133.2 ^m^). This was largely due to the shrinkage of the 
glomeruli in 10% SW (842.5 ± 58.4 ^m^) as compared to the TW control 
(1376.1 ± 105.7 |xm )^. However, the area of the renal corpuscles registered a marginal 
increase in 25% SW (1425.6 ± 55.5 i^m )^ and a further slight increase in 30% SW 
(1547.0 ± 132.9 u^n^ ) which was followed by a decrease in 35% SW 
(1419.3 ± 74.6 nm^). Hence, the renal corpuscle area showed a significant decrease in all 
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the salinities except 30% SW where, even though low numerically, was not statistically 
significant from the TW controls. The glomerular area remained consistently and 
significantly reduced in all the salinities from 10% to 35% SW (Fig. 13 & 14). 
The variations in the capsular and glomerular area in different salinities resulted in the 
variation of urinary space (the space between the parietal and visceral layer of renal 
corpuscles). This urinary space recorded an increase in higher salinities which was 
highest in 35% SW (10.6 ± 0.78 ^m) compared to the TW control (4.9 ± 0.048 ^m) 
(Fig. 15). 
2. Distal segments: 
Transfer of the catfish H. fossilis from TW to increasing grades of SW resulted in a 
progressive decline in the density (no./area) of distal segments. The decline was rapid 
upon transfer of the catfish from TW (9.2 ± 1.5) to 10% SW (4.6 ±1.1), followed by a 
slow decrease in 25% (4.4 ± 0.5), 30% (4.2 ± 0.3) and 35% SW (3.4 ± 0.5) 
(Fig. 16&17). 
The diameter of the distal segment showed a slight and statistically insignificant decrease 
in 10% SW (19.9 ± 1.4 ^m) compared to TW (21.6 ± 0.8 ^m), followed by a significant 
decrease in 25% (16.1 ± 0.7 ^m) and 30% SW (18.8 ± 2.4 ^m). However, in still higher 
salinity i.e. 35% SW, the diameter showed an increase (22.8 ± 0.9 ^m) compared to 
preceding salinity and became almost equivalent to TW control (21.6 ± 0.8 ^m) (Fig. 18). 
The luminal diameter of the distal segment also followed the same trend as that of distal 
segment diameter and showed an initial significant decline upto 30% SW which rose 
significantly compared to the preceding salinifies in 35% SW (7.2 ± 0.2 ^m) and even 
exceeded the numerical values of the TW control (6.6 ± 0.2 ^m) (Fig. 19). 
3. Collecting tubules: 
Transfer of the catfish H. fossilis from TW to increasing grades of SW resulted in a 
progressive decline in the density of collecting tubules. The decline was rapid upon 
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transfer of the catfish from TW (5.2 ± 0.8) to 10% SW (2.7 ± 0.2), followed by a slow 
decrease in 25% (2.1 ± 0.3), 30% (1.8 ± 0.3) and 35% SW (1.4± 0.2) (Fig. 21). 
However, the salinity induced changes in the diameter of the collecting tubules in higher 
salinities presented a trend of initial decline in 10% SW (17.8 ± 0.7 |xm) and 25% SW 
(14.6 ± 0.3 ]im) which was followed by an abrupt sharp increase in 30% SW 
(26.0 ± 0.6 ^m) which was even higher than the TW control (22.5 ± 1.7 ^m) but in 
highest salinity i.e. 35% SW the collecting tubule diameter again showed a decline 
(18.2 ± 0.5 fim) which was more or less equivalent to 10% S W (17.8 ± 0.7 jim) (Fig. 22). 
The luminal diameter of the collecting tubules showed the same trend as observed in 
collecting tubule diameter (cf Fig. 22 & 23) in as much as there was a decrease in 
10% SW (8.6 ± 1.5 ^m) & 25% SW (4.9 ± 0.2 fxm) followed by an increase in 30% SW 
(10.8 ± 1.5 nm) which showed a decline higher salinity i.e. 35% SW (7.8 ± 0.4 ^m) 
(Fig. 23). However, the value of 30% SW (10.8 ± 1.5 ^m) was almost the same as that of 
TW control. 
Collecting ducts: 
Transfer of//, fossilis from freshwater to different grades of seawater resulted in changes 
in the morphology and number of mucous cells in the collecting duct epithelium. In 
freshwater acclimated //. fossilis, the collecting duct epithelium contained the highest 
number of mucous cells (4.6 ± 0.9) that were large, elongated globular in shape and 
located towards the luminal surface of the epithelium with no exudation of mucin 
granules observed and the lumina of the collecting ducts were clear [Fig. 24 (A)]. Upon 
exposure to 10% SW, the mucous cells decreased in number (4.0 ± 0.7) and size and 
majority of the mucous cells exuded their contents into the lumina of the collecting ducts 
[Fig.24 (B)]. In H. fossilis acclimated in 25%) SW, the mucous cells further decreased in 
number (3.2 ± 0.8), became hypertrophied and spherical in shape (Fig. 25). Some of the 
mucous cells secreted their contents into the collecting duct lumina. In 30%> SW, further 
reduction occurred in the number of mucous cells (2.8 ± 0.4) and the cells became 
smaller and elongated in shape. Few mucous cells were observed to be exuding out their 
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mucin granules into the collecting duct lumina. The H. fossilis transferred into 35% SW 
exhibited further reduction in the mucous cell number (2.0 ± 0.7) and size, with some 
cells secreting their contents into the lumina [Fig. 24 (E)]. 
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Fig.2. In situ position of alimentary canal and ovaries (A), kidney and 
ureters (B) and morphological divisions of kidney (C) in 
Heteropneustes fossilis. 
Parietal layer (PL) composed of squamous 
epithelial cells. 
Podocytes (Pod.) prominent in the visceral layer. 
Glomerulus (G) expanded and highly 
vascularized with conspicuous capillary lumina 
(CL). 
A prominent neck segment (NS) formed of 
cuboidal cells with basal to parabasal nuclei and 
cilia at the apical surface ( - • ) attached to the 
renal corpuscle. 
First proximal segment (PS-1) composed of 
cuboidal cells with oval basal nuclei (black 
arrow heads). 
Apical surface of cells lined by tall extensive 
and PAS positive brush border of microvilli 
forming a thick pink ring ( ). 
Lumen (*) narrow than second proximal 
segment. 
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Second proximal segment (PS-II) composed of 
tall columnar cells with central nuclei (black 
arrow heads). 
Apical surface of cells lined by short, less 
extensive and PAS positive brush border of 
microvilli forming a thin pink ring ( ). 
Lumen (*) wider than first proximal segment. 
Fig.3. Different segments of kidney tubule of H.fossilis with characteristic identifying 
features (A) Renal Corpuscle (B) First proximal segment (C) Second proximal 
segment. PAS/H, x400. 
• Distal segment composed of cuboidal cells with 
basal rounded nuclei (black arrow heads). 
• Apical surface of cells devoid of brush border. 
• Lumen (*) clear and narrow. 
Collecting tubule composed of cuboidal cells 
with oval to spherical central nuclei (black arrow 
heads). 
Apical surface of cells devoid of brush border 
and the lumen (*) is clear and wider than that of 
distal segment (D). 
Collecting duct composed of columnar type 
main cells with basal nuclei (black arrow heads). 
Main cells have light basal and dark apical 
cytoplasm. 
A number of PAS positive mucous cells (MC) 
are present interspersed between the main 
columnar cells. 
Apical surface of cells devoid of brush border 
and the lumen (*) is clear and wider than that of 
collecting tubules (E). 
A thick layer of Connective Tissue (CTL) with 
interspersed muscle fibres present around the 
collecting ducts. 
Fig,4. Different segments of kidney tubule of H.fossilis with characteristic identifying 
features (D) Distal segment (E) Collecting tubule (F) Collecting duct. PAS/H, 
x400. 
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Fig.5. Photomicrographs showing head and trunk kidney regions with typical 
histological differences (A) and various nephron segments of 
Heteropneustes fossilis kidney. G = Glomerulus, PLC = Parietal Layer Cell, 
Pod. = Podocyte, CL = Capillary Lumen, PS-I = First Proximal Segment, 
PS-II = Second Proximal Segment, DS = Distal Segment, CT = Collecting 
Tubule, HT = Haematopoietic Tissue. Stain PAS/H, x400. Note the distinct 
division of head & trunk kidney in panel (A). Also note the presence of all 
the renal segments in panel (B). 
Fig,6. Photomicrographs showing the poiarit} and cellular components of the renal 
corpuscle (A) and various nephron segments (B) in Heteropneustes fossilis. 
G = Glomerulus, AA = Afferent Arteriole, PL = Parietal Layer, CL = Capillary 
Lumen, Pod. = Podocyte, VP = Vascular Pole, RP = Renal Pole, NS = Neck Segment, 
PS-I = First Proximal Segment, PS-II = Second Proximal Segment, DS = Distal 
Segment, BB = Brush Border. Stain - PAS & H (A) and H & E (B), x400. Note the 
increase in the height of cells from squamous to cuboidal in the neck region of 
glomerulus in panel (A). Also note podocytes in the visceral layer and vascular and 
renal pole in the glomerulus in panel (A). A clear neck segment is visible in panel (B). 
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Fig.7. Photomicrographs showing various segments of the nephron in Heteropneustes 
fossilis. RC = Renal Corpuscle, PS-II = Second Proximal Segment, DS = Distal 
Segment, CT = Collecting Tubule, CD = Collecting Duct. Stain H & E, x400. 
Note distribution of large number of different segments of renal tubule. 
Fig.8. Histology of Collecting Duct (CD) in Heteropneustes fossUis along with other 
nephron segments. G = Glomerulus, NS = Neck Segment, PS-I = First 
Proximal Segment, PS-II = Second Proximal Segment, MC = Mucous Cell, 
CTL = Connective Tissue Layer. Stain MT (A) and PAS/H (B), x400. Note 
smooth muscle fibres and connective tissue stained red and blue 
respectively with Masson Trichrome in panel (A). Also note main cells and 
goblet cells in collecting duct in panel (B). 
Fig.9. Histology of Mesonephric Duct (MD), Collecting Duct (CD), Collecting 
Tubule (CT) and other nephron segments in Heteropneustes fossilis. PS-II 
= Second Proximal Segment, DS = Distal Segment, MC = Mucous Cell, 
CTL = Connective Tissue Layer. Stain H & E, x400. Note the general 
histology of mesonephric duct in panel (A) and the opening of collecting 
duct into mesonephric duct in panel (B). 
Fig.lO. Photomicrographs showing two Mesonephric Ducts (MD) of Heteropneustes 
fossilis kidney receiving Collecting Ducts (CD) at different positions (A) and 
a uniform mass of cells forming the Corpuscles of Stannius (CS) (B). Stain 
MT, Magnification x50 (A) & x400 (B). Note the two mesonephric ducts 
(MD) visible in panel (A). Also note the corpuscles of Stannius in panel (B). 
Fig.ll. Variations in density of renal corpuscles of Heteropneustes fossllls in 
different salinities. Each bar represents Mean ± SEM (N = 5). ** 
(P<0.01), * (P<0.05), NS (P>0.05). 
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Fig.l2. Variations in percentage of expanded and collapsed glomeruli of 
Heteropneustes fossilis in different salinities. *** (P<0.001), ** 
(P<0.01), NS (P>0.05). 
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Fig.l3. Variations in the size of renal capsules, glomeruli and urinary space of 
Heteropneustes fossilis in TW (A), 10% SW (B), 25% SW (C), 30% SW (D) 
& 35% SW (E). Stain MT (A), H & E (B & C) and PAS/H (D & E). x400. 
Note a conspicuous increase in the urinary space in 30yo and 35"/o SW 
maintained catfish (panel D & E). 
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Fig.l4. Variations in the area of renal corpuscles and glomeruli of 
Heteropneustes fossilis in different salinities. Each bar represents 
Mean ± SEM (N = 5). *** (P<0.001), ** (P<0.01), NS (P>0.05). 
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Fig.15. Variations in the size of urinary space of renal corpuscles of 
Heteropneustes fossilis in different salinities. Each bar represents 
Mean ± SEM (N = 5). *** (P<0.001). 
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Fig.l6. Variations in density, tubular and luminal diameter of distal segments 
(asterisk) of Heteropneustes fossUis nephron adapted in TW (A), 10% SW 
(B), 25% SW (C), 30% SW (D) and 35% SW (E). Stain MT (A & C) and H 
& E (B, D «& E). x400. Note a significant increase in the luminal diameter of 
distal segment in 35% SW (panel E). 
Fig. 17. Variations in density of distal segments of Heteropneustes fossilis in 
different salinities. Each bar represents Mean ± SEM (N = 5). 
*** (P<0.001). 
Fig.18, Variations in distal segment diameter of Heteropneustes fossilis 
nephron in different salinities. Each bar represents Mean ± SEM 
(N = 5). *** (P<0.001), * (P<0.05), NS (P>0.05). 
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Fig. 19. Variations in luminal diameter of distal segment of Heteropneustes 
fossilis nephron in different salinities. Each bar represents 
IMean ± SEM. *** (P<0.001), ** (P<0.01), NS (P>0.05). 
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Fig.20. Variations in density, tubular and luminal diameter of collecting 
tubules of the Heteropneustes fossilis nephron adapted in TW (A), 
10% SW (B), 25% SW (C), 30% SW (D) and 35% SW (E). Stain H 
i& E (C «& E) and PAS/H (A, B & D). x400. Note the significantly 
increased lumen in 30% SW (panel D). 
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Fig.21. Variations in density of collecting tubules oi Heteropneustes fossilis 
in different salinities. Each bar represents Mean ± SEM (N = 5). 
*** (P<0.001). 
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Fig.22. Variations in diameter of collecting tubules of Heteropneustes 
fossilis nephron in different salinities. Each bar represents 
Mean ± SEM (N = 5). *** (P<0.001). 
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Fig.23. Variations in the luminal diameter of collecting tubules of 
Heteropneustes fossilis nephron in different salinities. Each bar 
represents Mean ± SEM (N = 5). *** (P<0.001), * (P<0.05), 
NS (P>0.05). 
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Fig.24. Variations in the morphology and density of mucous cells in the collecting duct 
of nephron of Heteropneustes fossilis acclimated in TW (A), 10% SW (B), 25% 
SW, 30% SW (D) and 35% SW (E). Stain PAS/H (A, B & D) and H & E (C & 
E). x400. Note the exudation of mucus into the lumen of the collecting duct 
(panel B) and significant hypertrophy in the mucous cells in 25% SW (panel C). 
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Fig.25. Variations in number of mucous cells in collecting duct of 
Heteropneustes fossiUs adapted to different salinities. Each bar 
represents Mean ± SEM (N = 5). *** (P<0.001), ** (P<0.01), 
* (P<0.05), NS (P>0.05). 
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Maintenance of the constancy of the internal osmotic milieu in the face of fluctuating 
osmolality of the ambient environment is critical for the normal metabolism of all aquatic 
animals including fishes. Such a regulation is achieved by osmoregulation which is an 
outcome of coordinated structural and physiological responses of several target organs. 
(I) Morpho-histology of renal apparatus of catfish H.fossilis 
The focus of the present study has been on the structural organization of the renal 
apparatus and the histological alterations in the various segments of the kidney tubule of 
H. fossilis. It is largely because amongst different osmoregulatory target organs, kidneys 
constitute one of the most important organs for maintaining hydromineral balance 
especially in freshwater teleosts by the elimination of excess water and conservation of 
monovalent ions. Survey of the literature reveals that most of the studies related to histo-
morphology of kidneys and their variations following transfer to different grades of 
seawater have been conducted on euryhaline teleosts while only a few studies have been 
investigated on stenohaline teleosts. In the present study, a close examination of renal 
morphology reveals that Stinging catfish Heteropneustes fossilis possesses type 1 kidney 
with the two kidneys completely fused along their length. Similar type of kidney is also 
present in different trout species (Anderson and Loewen, 1975). The kidney in H.fossilis 
is divided into anterior head kidney composed of haematopoietic tissue with scarce 
glomeruli and renal tubules and a posterior trunk kidney containing numerous glomeruli 
and renal tubules with scarce haematopoietic tissue distributed between the renal tubules. 
Such a condition is also reported in freshwater trout species (Anderson and Loewen, 
1975; Resende et al, 2010) and Acipenser persicus (Abadi et al, 2011; Charmi et ai, 
2010). Hence, it is evident that in Heteropneustes fossilis, the head kidney is 
haematopoietic in function and plays little role in excretion and osmoregulation while the 
trunk kidney forms the main excretory kidney responsible for the osmoregulatory 
adjustment of the fish. 
The histological observations of H. fossilis kidney reveal the presence of a well 
developed glomerular kidney formed of multisegmental nephrons divided into a well 
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developed renal corpuscle with expanded glomeruli, a long neck segment, two proximal 
segments, a distal segment, a collecting tubule and a collecting duct. Such a kidney is 
required to offset the osmotic challenges in ion poor freshwater and has also been 
reported in freshwater fishes like trout species (Anderson and Loewen, 1975; Resende et 
al, 2010), Cyprinus carpio (Endo and Kimura, 1982, 1984), Carassius auratus (Endo 
and Kimura, 1982; Sakai, 1985), Acipenser persicus (Abadi et al, 2011; Charmi et al., 
2010), Oreochromis mossamhicus (Hwang and Wu, 1988; CataJdi et al, 1991) and 
Anguilla japonica (Endo and Kimura, 1986). However, a ciliated neck segment is absent 
in Carassius auratus kidney (Sakai, 1985) while two neck segments have been reported 
in Acipenser naccarii (Ojeda et al, 2003). 
The renal corpuscles of Heteropneustes fossilis are large globular structure consisting of 
a double layered Bowman's capsule enclosing expanded and highly vascularized 
glomeruli with wide capillary lumina. The renal corpuscles are randomly distributed in 
the renal matrix and there is no distinct zonation of renal tissue. Similar features of renal 
corpuscles have been observed in different freshwater trout species (Anderson and 
Loewen, 1975; Resende et al., 2010), Cyprinus carpio (Endo and Kimura, 1984), 
Epinephelus coioides (Ehsan et al, 2011) and other teleosts (Hickman and Trump, 1969). 
The renal corpuscles are the filtration apparatus of the kidney and filter blood plasma at a 
rate determined by the osmolality of the ambient medium. Increased vasculature and 
conspicuous capillary lumina of the renal corpuscles increases the glomerular perfusion 
and hence the filtration rate in ion poor freshwater. These structural features of 
well - developed and richly vascularized glomerulus in H. fossilis are in good conformity 
with the high glomerular filtration and urine flow ratereported by Goswami et a/.(1983) 
in this catfish. The significance of well - developed glomerulus is also highlighted by the 
fact that aglomerular teleosts, inhabiting the hyperosmotic seawater lack the renal 
corpuscles to reduce the urinary loss of water which is at premium in hyperosmotic 
conditions and the concentrated urine is formed by tubular secretion of solutes and wastes 
(McDonald and Grosell, 2006; Ozaka et al, 2009). Further, the aglomerularism in 
Antarctic teleosts helps to retain the freezing-point depressing glycoproteins (antifreeze 
glycoproteins) in their blood which ensures their survival [Dobbs et al., 1974; Kitagawa 
et al., 1990; Ozaka et al., 2009]. 
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In Heteropneustes fossilis kidney, the neck segment joining the renal corpuscle to the 
renal tubule is formed of ciliated cuboidal cells with basal to parabasal nuclei. Similar 
features of the neck segment have been observed in Anguillajaponica (Endo and Kimura. 
1986, S-80), Cyprinus carpio [Endo and Kimura, 1984, 1982], Epinephelus coioides 
(Ehsan et al, 2011). However, in trout species the neck segment is formed of ciliated 
columnar cells with basal nuclei (Anderson and Loewen, 1975), Resende et al, (2010). 
Sakai (1985) has reported that the nephron of goldfish {Carassius auratus) lacks a neck 
segment, a condition also reported in marine aglomerular teleosts (Hickman and Trump, 
1969). It is likely that the presence of ciliated neck segment in the renal tubule of H. 
fossilis may facilitate the process of speedy downward flow of the glomerular filtrate 
which may be essential to maintain high urine output in this catfish. 
The proximal tubule of Heteropneustes fossilis nephron is divided into first proximal 
segment (PS-I) and second proximal segment (PS-II). While PS-I consists of cuboidal to 
columnar cells with basal oval nuclei and a tall and extensive PAS positive brush border 
forming a dense pink ring around the apical surface of cells, the PS-II is formed of 
columnar cells with central nuclei and a short and less extensive brush border forming a 
thin pink ring around the apical surface of the columnar cells. The overall diameter of 
PS-II is greater than PS-I due to tall columnar cells in the former. Similar structural 
features of the proximal segments have been reported in the kidney of Cyprinus carpio 
(Endo and Kimura, 1984), Carassius auratus (Sakai, 1985), Anguillajaponica (Endo and 
Kimura, 1986 , Lepidosiren paradoxa (Endo, 1986), trout (Anderson and Loewen, 1975), 
Resende et al, 2010), Huso huso (Charmi et al, 2010), Acipenser persicus (Charmi et 
al, 2010), Epinephelus coioides (Ehsan et al, 2011). However, Abadi et al (2011) 
reported PS-I with columnar cells and PS-II with cuboidal cells in the nephron of 
Acipenser persicus with other features similar to H. fossilis proximal segments. The 
presence of apical brush border in the proximal tubules has been shown to be involved 
mainly in reabsorption of inorganic and organic ions, amino acids, bicarbonate, 
carbohydrates and sometimes water itself (Zhou and Vize, 2004; Evans and Claiborne. 
2008). The perusal of the renal tubule histology oi Heteropneustes fossilis stained with 
PAS and counterstained with haematoxylin reveal absence of mucous cells in the 
proximal segments. However, Sakai (1985) has reported some mucous cells in second 
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proximal segment of the nephron in Carassius auratus. Further, mucous cells have also 
been reported in the second proximal segment of the nephron of sexually mature male 
and female Danio rerio (Bose and Chakraborty, 1979) and only male stickleback 
Gasterosteus aculeatus (Ogawa, 1968; de Ruiter, 1980) during the breeding season. 
While the mucus secreted by the PS-II has been shown to facilitate nest building in 
sticklebacks by gluing together algal filaments, its function is not clearly known in Danio 
rerio as no nest building habit is observed in this species (Bose and Chakraborty, 1979). 
The distal segment oi Heteropneustes fossilis is composed of cuboidal cells with basal 
rounded nuclei and no apical brush border. The distal segment is devoid of mucous cells 
and the lumen is clear. Similar type of distal segment is found in Cyprinus carpio (Endo 
and Kimura, 1982), Carassius auratus (Endo and Kimura, 1982; Sakai, 1985), Anguilla 
japonica (Endo and Kimura, 1986), Salmo trutta fario (Anderson and Loewen, 1975; 
Resende et al, 2010). However, the constituent cells are cuboidal with central nuclei in 
Huso huso (Charmi et al, 2010), Acipenser persicus (Abadi et al, 2011; Charmi et al, 
2010) and Epinephelus coioides (Ehsan et al, 2011). The distal segments of all 
freshwater fishes contain abundant mitochondria which are believed to be involved in 
active reabsorption of monovalent ions across the distal segment epithelia (Marshall and 
Grosell, 2006) and enable the fish to survive in hypoosmotic media (Nishimura and Fan, 
2003). The studies of Sherwani and Parwez (2008) have revealed high concentration of 
Na^, K^ - ATPase in the kidney of H. fossilis. It is well known that this transporter 
enzyme is localized in the mitochondria and its high concentration in kidney indicates the 
great abundance of mitochondria most likely in the distal segment since it is largely 
involved in the process of ion reabsorption from glomerular filtrate. The marine 
glomerular and aglomerular teleosts lack a distal segment because such fishes cannot 
excrete dilute urine as the water is at premium in such hyperosmotic media (Dantzler, 
2003). Absence of distal segment has also been reported in euryhaline teleosts like 
Fundulus heteroclitus and Gasterosteus aculeatus (Ogawa, 1968). 
The collecting tubule of Heteropneustes fossilis kidney is composed of cuboidal cells 
with central nuclei and apical surface devoid of brush border. The mucous cells are 
absent in this segment also and the tubular lumen is wider than that of distal segment. 
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This is in line with the collecting tubules found in Huso huso (Charmi et ai, 2010), 
Acipenser persicus (Charmi et ai, 2010; Abadi et ai, 2011) and Epinephelus coioides 
(Ehsan et al, 2011). Youson et al. (1989) have reported collecting tubules with low 
columnar epithelial cells with oval to spherical central nuclei and a clear lumen of wide 
dimension. However, the epithelial cells are columnar type with basal nuclei in 
Salmo trutta fario fibres (Anderson and Loewen, 1975; Resende et al, 2010) and 
Cyprinus carpio (Endo and Kimura, 1982) and the basement membrane of the tubule is 
surrounded by thick connective tissue layer with interspersed smooth muscle. The 
collecting tubules in Heteropneustes fossilis kidney drain into collecting ducts which 
empty into paired mesonephric ducts at almost right angles. Both these ducts are 
surrounded by connective tissue layer with some interspersed smooth muscle fibres. The 
main cells, columnar in collecting duct and pseudostratified in mesonephric duct possess 
basal nuclei and light basal and dark apical cytoplasm. In between the main cells are 
numerous mucous cells which stain magenta colour with PAS. Both these ducts lack 
apical brush border and the lumen is clear and wide. Similar structure and arrangement of 
collecting ducts and mesonephric ducts have been observed in Carassius auratus 
(Sakai, 1985), freshwater trout (Anderson and Loewen, 1975) and 
Anoplarchus purpurescens (Youson et al, 1989). The presence of mucous cells in 
collecting ducts has also been reported in Parophrys vetulus (Bulger and Trump, 1968), 
Pleuronectes platessa (Ottosen, 1978), Carassius auratus (Sakai, 1985), Anoplarchus 
purpurescens (Youson et al, 1989). The mucus secreted by the mucous cells of 
collecting duct and mesonephric duct has been suggested to function in reproduction 
and/or osmoregulation to acidify the urine and help in chelating specific salts to prevent 
the formation of potentially harmful precipitates and calculi (Dobbs and DeVries, 1975; 
Hentschel, 1977). Such precipitates appear to be particularly common in marine fishes 
where divalent ions are secreted by the nephron segments (Hickman and Trump, 1969; 
Youson, 1982). 
(II) Salinity induced changes in various renal segments of H. fossilis 
The osmoregulatory adjustment of fishes to higher salinities involves structural and 
functional changes in different osmoregulatory target organs including kidneys. This part 
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of the discussion deals with the various histomorphological variations induced in various 
nephron segments of Heteropneustes fossilis and their physiological implications 
following the transfer of the catfish from its native freshwater habitat to different grades 
of hyperosmotic seawater. 
The observations in the present study on the morphometric features of Indian catfish 
kidney indicate that freshwater acclimated H. fossilis possess the well- developed renal 
corpmdes containing expanded glomeruli with conspicuous capillary lumina. However, 
both the density as well as the area of renal corpuscles decrease upon transfer of the fish 
into higher salinities with prominent shrinkage of the glomeruli. Similar type of reduction 
in glomerular density and area (size) upon transfer of fish from freshwater to higher 
salinities have been observed in Oreochromis mossambicus (Hwang and Wu, 1988; 
Cataldi et al, 1991), Salmo giardtteri (Cykowska, 1979), Carassius auratus (Ogawa, 
1961; Elger and Hentschel, 1981), Anguilla anguilla (Olivereau and Olivereau, 1977), 
Etroplus maculates (Virabhadrachari, 1961) and Ictalurus punctatus (Stevens and Bick, 
1975). On the contrary, the glomerular density and area increase upon the transfer of 
marine teleosts from hyperosmotic medium to hypoosmotic medium as has been reported 
in Gasterosteus aculeatus (de Ruiter, 1980), Ogawa, 1968), Spams sarba (Wong and 
Woo, 2006) and Scatophagus argus (Chenari et al, 2011; Ghazilou et al, 2011). In 
addition to the variations in density and area of the renal corpuscle in different salinities, 
a progressive reduction in percentage expanded glomeruli was observed in H. fossilis 
acclimated in different salinities. Similar results were observed when freshwater 
acclimated Sparus sarba were transferred to higher salinities (Wong and Woo, 2006). Ail 
the above changes in the glomerular histology clearly suggest that in hyperosmotic 
environment it does not require a very extensive filtration surface due to limited 
physiological demand in marine environment. The decreased renal corpuscular density 
and area and also percentage expanded glomeruli in hyperosmotic seawater result in the 
reduction of the filtration surface area causing a reduction in glomerular filtration rate 
(GFR) and consequently the urine flow rate (UFR), a means to reduce the urinary water 
loss in hyperosmotic media. Such a reduction in UFR in response to increased 
environmental salinity has also been reported in other stenohaline teleosts like Carassius 
auratus (Ogawa, 1961; Elger and Hentschel, 1981), Ictalurus punctatus 
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(Davis and Simco, 1976; Norton and Davis, 1977) and Cyprinus carpio (Salati et ai. 
2011). In fact, this is clearly borne out in this catfish where transfer to higher salinities 
has caused considerable reduction in GFR and consequently UFR due to reduced tubular 
reabsorption of water (Goswami et ai, 1983).This reduction in UFR in stenohaline 
teleosts on exposure to increased environmental salinity is caused by reduced single 
nephron glomerular filtration rate (SNGFR) (Elger and Hentschel, 1981). The reduction 
in GFR and hence the UFR has also been reported in seawater adapted forms compared 
to their fi-eshwater counterparts of many euryhaline teleosts like Oreochromis 
mossambicus (Hwang and Wu, 1988), Anguilla anguilla (Olivereau and Olivereau. 
1977), Salmo giardneri (Colville et ai, 1983), Spams sarba (Wong and Woo, 2006) and 
Scatophagus argus (Chenari et al, 2011). Using Prussian blue or Alcian blue in vivo as a 
glomerular tracer, several physiological studies have found that, after transfer to 
seawater, fish urine flow is regulated not by graded function in all glomeruli as is 
assumed to occur in the mammalian kidney (Rankin and Gilmore, 1973) but by 
glomerular intermittency, i.e., not all the glomeruli filtering at the same time (Brown et 
al, 1980; Elger et al, 1984). Brown et al (1980) reported that the micro-dissected 
nephrons from seawater adapted rainbow trout showed only 5% of glomeruli to be 
filtering compared to 45% in the fi-eshwater acclimated trout. Brown et «/.,(1978,1980) 
further reported that the overall GFR of freshwater adapted rainbow trout was about 10 
fold that of seawater adapted , while the SNGFR in the filtering glomeruli of FW adapted 
trout was about one third of that in SW adapted individuals. Similarly, Prussian carp 
Carassius auratus gibelio decreases the number of perfiised glomeruli by 10% upon the 
exposure to seawater and more than 90% of its glomeruli disappear in next three months 
in seawater (Elger and Hentschel, 1981; Elger et al., 1984). In the present study, it is not 
possible to state decisively whether the reduction in GFR and UFR is a consequence of 
reduction in SNGFR or glomerular intermittency. More studies need to be planned to 
unravel this aspect. 
Distal segments: 
Increased levels of salinity results in conspicuous variations in the histomorphology of 
distal segments which facilitate the osmoregulatory adjustment in diverse aquatic 
environments ranging from ion poor freshwater to ion rich seawater. Our observations on 
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the morphometric features of distal segment of Heteropneustestes fossilis in different 
levels of salinity revealed that the density of distal segments was highest in freshwater 
acclimated catfishes and decreased following the transfer of the catfish to increasing 
grades of seawater. Further the tubular and luminal diameter of distal segments varied 
when the catfishes were transferred from freshwater to higher salinities. The reduction in 
number and tubular and luminal diameter of distal segments in SW acclimated 
Heteropmustes fossilis may be corrdated to the corresponding decrease \n density of 
renal corpuscles in seawater, and hence distal segments receive decreased volume of 
filtrate. The decrease in tubular and luminal diameters may reduce the reabsorption of 
monovalent ions and other solutes in seawater by facilitating rapid flow through the distal 
segment. Cykowska (1979) has reported a reduction in the lumen diameter of all nephron 
segments including the distal segment in Salmo gairdneri acclimated in hyperosmotic 
seawater and this reduction seems to correspond to decreased density and diameter of 
renal corpuscles. 
Distal segments of freshwater teleosts act as the urine diluting segment by actively 
reabsorbing the monovalent osmolytes especially Na* without the accompaniment of 
water, due to their low water permeability. Hence the urine becomes dilute due to salt 
recovery and the excess water is eliminated through the kidney. In freshwater teleosts, 
more than 90% of the filtered Na* is reabsorbed across the distal segment epithelium, 
which has little to no water permeability (Nishimura and Imai, 1982; Dantzler, 2003). 
Further, Hickman and Trump (1969) have reported diminished resorptive activities to 
monovalent ions in all tubular segments upon seawater acclimation. In the present study, 
there is obviously little need for reabsorption of both mono- as well as divalent ions from 
the glomerular filtrate to facilitate the excretion of excessive ions due to diffusional 
influx. 
Collecting tubules: 
In the present study, a progressive decline in the density of collecting tubules was 
observed following the transfer of Heteropmustes fossilis from FW to different grades of 
SW. The same trend was observed in the collecting tubule density when FW acclimated 
silver sea bream Spams sarba (Wong and Woo, 2006) and spotted scat Scatophagus 
argus (Chenari et ai, 2011) were transferred to increasing salinities. The high density of 
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collecting tubules in FW acclimated Heteropneustes fossilis may be correlated to high 
density and diameter of renal corpuscles in hypoosmotic environment which, because of 
their high glomerular filtration rate produce copious volumes of the filtrate. The filtrate is 
modified in the collecting tubules by active reabsorption of Na^ and CI' ions from the 
filtrate without the reabsorption of water due to low permeability of their walls. The 
occurrence of few collecting tubules in Heteropneustes fossilis together with reduced 
density of distal segments and renal corpuscles seem to be associated with the prevention 
of urinary water loss. Wong and Woo (2006) has found a decrease in collecting tubule 
density following the transfer of freshwater adapted silver sea bream Spams sarba to 
increasing grades of seawater. Similar results were observed when freshwater acclimated 
spotted scat Scatophagus argus were transferred in hyperosmotic seawater (Chenari et 
al., 2011; Ghazilou et al., 2011).This may be explained by the tubule independent 
formation of urine in concentrated medium because the collecting tubules usually have 
low water permeability (Townsley and Scott, 1963), a phenomenon that may be related to 
a requirement for low water permeability in order to facilitate the excretion of dilute 
urine. The collecting tubules in Heteropneustes fossilis dispayed a reduction in the 
tubular and luminal diameter following transfer from TW to higher salinities. Similar 
results were reported when freshwater adapted Spams sarba (Wong and Woo, 2006) and 
Scatophagus argus (Chenari et al., 2011; Ghazilou et al., 2011) were transferred to 
hyperosmotic salinities. Thicker and more luminal collecting tubules in FW adapted 
Heteropneustes fossilis may facilitate higher urine flow rate together with efficient 
reabsorption of Na* and CI" by increasing the retention time of the filtrate in the 
collecting tubule lumen as has been reported by Tsuneki et a/.(1984). Further, a 
reduction in the nuclear areas of collecting tubule cells was observed in eel (Olivereau 
and Olivereau, 1977), three-spined stickleback (Wendelaar Bonga, 1973) and tilapia 
(Hwang and Wu, 1988, 1989) following the transfer from hypoosmotic freshwater to 
hyperosmotic seawater. Such a reduction in nuclear area seems to be associated with few 
functional tubules in SW adapted fishes (Hwang and Wu, 1988). 
Collecting ducts: 
Following the transfer of catfish from ion poor FW to salt rich SW, the mucous cells of 
the collecting duct exhibited changes in their number and morphology. The mucous cells 
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were PAS positive, indicating the presence of neutral glycoprotein moiety in their 
granules. While the mucous cells progressively decreased in number in increasing grades 
of seawater, the size varied from one salinity level to other. Exposure to 10% SW caused 
a reduction in size of mucous cells resulted in exudation of mucus granules into the 
lumen. Further exposure to 25% SW caused hypertrophy of the mucous cells with only a 
few cells showing exudation of mucus. Transfer to 30% and 35% SW resulted in further 
reduction in number and size of mucous cells with some mucous cells exuding their 
mucus into the lumen of collecting duct. 
Variation in salinity loads of the external media has been shown to affect the number and 
size of the mucous cells. In freshwater teleost Gambusia affinis and Catla catla, even low 
concentration seawater results in the disappearance of branchial mucous cells (Ahuja, 
1970). Similarly in Anguilla anguilla the number of mucous cells decreases after its 
adaptation to seawater. In Etroplus maculates,ixdx\%iex from TW to SW results in decrease 
in mucous cell number and increase in their size. In 100% SW, mucous cells are reduced 
to negligible numbers (Virabhadrachari, 1961). The abundance of mucous cells in 
freshwater adapted fishes suggests that these cells might control salt loss or hydration in 
hypoosmotic media. The collecting duct, besides acting as conduit of fully processed 
urine to the exterior plays a role in osmoregulation by reabsorption of Na"^ , CI" and water 
and thus contribute to final composition of the urine (Youson and Butler, 1988; Hickman 
and Trump, 1969). 
The foregoing discussion clearly establish that the catfish H.fossilis kidney shows all the 
typical characteristic features of a freshwater fish showing a well - developed and richly 
vascularized glomerulus and the tubular features facilitating the production of copious 
and highly dilute urine. Further, it is well established that this fish has only a limited 
salinity tolerance upto 35% SW where it actively osmoregulates only upto 10% SW and 
survives upto 35% SW by passive tissue tolerance. Hence, the degenerative changes 
observed in each segment of the kidney tubule following transfer of this fish to higher 
salinities conform to its inability to cope with increased ambient salinity. Interestingly, 
this catfish H. fossilis is one of the few stenohaline freshwater fishes where both 
physiological renal parameters coupled with concomitant histomorphological changes of 
various kidney segments have been elaborately studied. The studies on the transporter 
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proteins coupled with ultrastructural changes of kidney segment may be future areas of 
investigation. 
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